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CHAPTER 1

INTRODUCTION

1.1

Overview

Nanomaterials differ from their bulk-material counterparts in their size and
properties. These different properties arise due to the quantum nature of the materials
when they become very small, and are usually apparent in the length scales of 1 nm
- 100 nm. The size of the nanomaterials determines some of these properties— thus,
via control of the size, the properties may be tuned. The study of nanomaterial
properties and their interaction with light is referred to as the field of nanophotonics,
of which there are many potential applications such as highly efficient solar cells,
protein sensors, optical “rulers”, and waveguides. These potential applications are
an immense driving motivation for furthering engineering and fundamental physics
of nanomaterial components.
Two fundamental entities in the field of nanophotonics are semiconductor
quantum dots (QDs) and metallic nanoparticles (MNPs). These two entities are
nanoscale-sized particles that offer several unique and advantageous optical properties, such as tunable emission wavelength, large absorption bands, localized electric
field distribution, and more. Over the past three to four decades, tremendous strides
1

have been made in understanding the fundamental physics of QDs and MNPs. These
advances are due to several factors such as fabrication maturity, better technology,
and potential application in industries such as lighting and photonics. However, as
is often the case with research, new understanding yields new questions and more
opportunities. There are many avenues of research that could be pursued in either
QD or MNP fields, but one area of particular interest involves the interaction between the two. This interaction between QD and MNP, which can occur through a
mechanism called exciton-plasmon coupling, is appealing because (i) new applications
arise due to altered physics in the coupled system, and (ii) studying these systems
can divulge new understanding in many areas of physics. As an example of appealing
properties of exciton-plasmon systems, QDs in these systems can exhibit brighter,
directional, and polarized emission. Despite these advantageous attributes, a crucial
element missing in the current literature is an encompassing study on how the local
environment can impact exciton-plasmon dynamics. Therefore, the objective of the
following dissertation is to systematically study the material/environment influence
on QD, MNP, and QD-MNP (exciton-plasmon) systems, in order to gain new knowledge on how we may design these systems to our advantage. As we will see shortly,
this study has produced novel results in QD and MNP fields that have led to the
significant discovery that enhancement of QD emission in exciton-plasmon coupled
systems can be extended beyond the currently known limits provided by plasmonic
means.

2

1.2

Motivation

QDs and MNPs have been around for quite some time but the motivation to
understand their properties remains the same. These nanomaterials represent optically tunable and reproducible objects that can be experimented with to deepen our
knowledge not only of the objects themselves but of larger subjects like condensed
matter or solid state physics. Furthermore, there are a vast number of applications
that could benefit or be created through investigating these entities. These applications are related to solar cells, quantum computing, waveguides, optoelectronics,
DNA sensors, and LEDs, to name a few. The investigation of QDs and MNPs is
necessary because there still exists problems in their use; for example, one of these
problems includes the blinking of single QDs. This intermittent blinking, which is not
fully understood, prevents single QDs from being used in applications such as longterm tracking. There have been many published papers that demonstrate methods to
mitigate this blinking [1–4], but to date it has not been possible to completely reduce
this effect. Besides overcoming inherent problems like blinking, there also needs to
be a fundamental understanding of how these entities relate with common materials
(such as silicon for the microelectronic industry) in order for QDs and MNPs to be
implemented in commercial applications. At certain points throughout this dissertation, metal oxides are used in systems that contain the QDs and MNPs. This is
because recently it has been shown that metal oxides can have a large impact on QD
emission dynamics, and in some cases can even boost the emission efficiency [5, 6].
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In this dissertation, QDs, MNPs, and QD-MNP systems are studied with special regard to their local environment which is manipulated using various materials.
These studies have led to novel physics that enhance the use of QDs in applications.
It’s found that, by tailoring the systems through material design, important QD
properties such as emission strength and decay lifetime can be controlled. This has
wide-reaching impact on all QD-based applications that need to have increased emission signal or control over the decay lifetime for, e.g., modulation. In the process of
understanding how QDs interact under different dielectric and metal settings, it’s also
discovered that blinking can actually be induced at much higher concentrations (nonsingle) that previously thought. This has significant impact on our understanding of
the blinking dynamics of single QDs and how they may be used. In terms of MNP
implications, the results of this dissertation also demonstrate that using amorphous
silicon greatly assists in generating a collective mode in arrays of MNPs, a discovery that can ease the fabrication and development of next-generation bio-sensors, for
instance.
The previously stated results are important steps leading up to the crux of
this dissertation. This key result is that, by a unique process involving amorphous
silicon and aluminum oxide, enhancement of QD emission in exciton-plasmon systems
can be increased beyond the limit provided by conventional plasmonic impact. This
was achieved by engineering the QD-MNP system to take advantage of the efficient
hot electron transfer between MNPs and amorphous silicon and the charge barrier
created by the aluminum oxide. The large enhancement of emission happens with
the simultaneous elongation of the QD lifetime, an effect not seen in traditional
4

emission enhancement in QD-MNP systems. The new knowledge of this type of
mechanism, which is called the plasmonic metal-oxide double junction (PMDJ), has
strong potential to influence future demonstrations of exciton-plasmon applications.
In this way, the results of this dissertation are progressive because they provide deeper
understanding into QD/MNP/material interaction, but also transformative due to
the new method of increasing QD emission efficiency and lifetime beyond the current
limits.

1.3

Publications by author

The majority of the research presented in this dissertation has been based
on published peer-reviewed academic journals or letters by the author. As of this
writing, the author has contributed to the following publications:

1. Waylin J. Wing, Seyed M. Sadeghi, and Quinn Campbell. “Improvement of
plasmonic enhancement of quantum dot emission via an intermediate siliconaluminum oxide interface.” Applied Physics Letters 106, 1:013105 (2015).
2. Waylin J. Wing, Seyed M. Sadeghi, Rithvik R. Gutha, Quinn Campbell,
and Chuanbin Mao. “Metallic nanoparticle shape and size effects on aluminum
oxide-induced enhancement of exciton-plasmon coupling and quantum dot emission.” Journal of Applied Physics 118, 12:124302 (2015).
3. Waylin J. Wing, Seyed M. Sadeghi, and Rithvik R. Gutha. “Polarization
switching from plasmonic lattice mode to multipolar localized surface plasmon
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resonances in arrays of large nanoantennas.” Journal of Applied Physics 120,
23:234301 (2016).
4. Waylin J. Wing, Seyed M. Sadeghi, and Rithvik R. Gutha. “Ultrafast Emission Decay and Enhancement of Blinking of Single Quantum Dots in the Presence of Silicon and Metal/Metal Oxide Structures. The Journal of Physical
Chemistry C 121, 1:931939 (2017).
5. Waylin J. Wing and Seyed M. Sadeghi. “Ultrafast emission decay with
high emission efficiency of quantum dots in plasmonic-dielectric metasubstrates.
(Submitted to Journal of Physics: Condensed Matter, reference JPCM-108859)
6. Seyed M. Sadeghi, Waylin J. Wing, and R. R. Gutha. “Control of plasmon
fields via irreversible ultrafast dynamics caused by interaction of infrared laser
pulses with quantum-dotmetallic-nanoparticle molecules.“ Physical Review A
92, 2:023808 (2015).
7. Seyed M. Sadeghi, Waylin J. Wing, and Rithvik R. Gutha. “Undamped
ultrafast pulsation of plasmonic fields via coherent exciton-plasmon coupling.”
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Control of spontaneous emission of quantum dots using correlated effects of
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11. Seyed M. Sadeghi, Waylin J. Wing and Rithvik R. Gutha. “Metal-Oxide Plasmonic Metastructures: Field-Effect Passivation and Enhancement of Spontaneous Emission Rates of Quantum Dots Using Metallic Nanoparticles.” Manuscript
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plasmonic lattice modes in metallic nanoantenna arrays via silicon thin films.”
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13. Seyed M. Sadeghi, Rithvik R. Gutha, Waylin J. Wing, Christina Sharp, Lucas Capps, and Chuanbin Mao. “Biological sensing and control of emission dynamics of quantum dot bioconjugates using arrays of long metallic nanorods.”
Journal of Physics D: Applied Physics 50 14:145401 (2017).
14. Rithvik R Gutha , Seyed M. Sadeghi, and Waylin J. Wing. “Ultrahigh refractive index sensitivity and tunable polarization switching via infrared plasmonic
lattice modes.” Applied Physics Letters 110 15:153103 (2017).
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This dissertation does not cover all of these publications, but rather the first five
of which the author is the first author. In the following section, the outline of the
dissertation is given.

1.4

Dissertation outline

The dissertation has been organized in the following manner:
In Chapter 2 we discuss the general background of QDs, MNPs, and excitonplasmon coupling in QD-MNP systems. This chapter provides the basic theoretical
knowledge needed to understand the following chapters. The applications of excitonplasmon coupling are discussed in order to demonstrate their value to the field of
nanophotonics.
Chapter 3 lays out the methodology and materials used in the experiments
and analysis of data. The fabrication of the samples is discussed in detail, and the
experiments used to test such samples are described. In the last section of this chapter,
the statistical and analytical techniques are given.
Chapter 4 deals with the interaction between QDs and their environment.
Differences between amorphous silicon and silicon dioxide are investigated in terms
of their impact on QD emission and lifetime decay. The impact of metals and metal
oxides (especially gold and aluminum oxide) is explored. A key finding is a new
design which results in extremely fast lifetime decay with no significant reduction in
emission intensity of the QDs in this design.
In Chapter 5 we expand on the interaction of QDs with their environment, but
do so as we decrease their concentration until we reach the single QD regime. These
8

single QDs show blinking dynamics that are unique to the material under them, as
well as to the critical thicknesses.
Chapter 6 explores the formation of plasmonic lattice modes of MNPs when
formed into ordered arrays. The impact of the size, lattice constants, and surrounding
refractive index is investigated as they relate to the plasmonic lattice mode extinction
spectra. A variable transmission filter at the HeNe wavelength is demonstrated as a
possible application for the PLMs presented here.
In Chapter 7 the exciton-plasmon coupling of MNP arrays and QDs is explored
in the context of the PMDJ. The results of this chapter open up new pathways for
enhancement in QDs coupled to such MNP arrays, and offer a new method in the
pursuit of emitters with high emission efficiency. The role played by the MNP shape
and size on the exciton-plasmon coupling and the PMDJ is also explored.
Finally, in Chapter 8 we discuss the findings of this dissertation and the impact
on the field of nanophotonics.
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CHAPTER 2

BACKGROUND

2.1

Overview

Applications involving QDs and MNPs are mostly concerned with their optical
properties. In QDs, the fundamental optical property is the exciton. The exciton
consists of an electron and hole pair that can recombine to emit light. In MNPs, light
of a certain frequency may excite a special type of resonance known as the localized
surface plasmon resonance (LSPR). This resonance leads to the confinement of the
electric field around the surface of the MNPs and is sensitive to the surrounding
environment. The sensitivity of the MNP to its environment has made them attractive
in chemical and biological sensing applications [7, 8]. More applications are possible
when considering the coupling of the MNP LSPR to the QD exciton. This coupling
can occur when they are in close proximity and is referred to as exciton-plasmon
coupling. Exciton-plasmon coupling is useful for controlling the energy flow, decay
rates, and emission polarization of the combined QD-MNP system [9–11]. In this
chapter, the basic fundamentals of QDs, MNPs, and exciton plasmon coupling are
covered, and some applications are discussed.
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2.2

2.2.1

Quantum dots

Defining properties
QDs are nanometer-sized pieces of semiconductor material that range from 1

nm to 10 nm in diameter. At these length scales, QDs depart from their bulk (large
scale) counterparts in their optical properties. The hallmark of these QD properties is
the size-dependent emission wavelength, which can span much of the visible spectrum
in tunability. This tunability is due to the “quantum confinement” effect [12, 13],
which describes how a material will behave when the physical dimensions are on
the order of the bohr radius. The bohr radius is the average distance separating an
electron and hole pair in bulk material [14], where the electron and hole pair are
known as the exciton. The separation between the electron and hole determines the
quantum confinement effect and thereby the emission and absorption bandwidths.
The absorption bandwidth (spectra) of QDs is large, and is advantageous because
a wide variety of light sources can efficiently excite the QD, and these light sources
can be chosen so that they do not coincide with the emission line. Furthermore,
multiple types of QDs that emit at different wavelengths can be excited using the
same light source. This allows for the light source and QD emission signal to be easily
distinguished and for multiple detection signals to be present at once, which are crucial
requirements in sensing applications [15]. On the other hand, the emission spectra of
QDs can be narrow, as shown in Figure 2.1a for cadmium selenide (CdSe) core with
zinc sulfide (ZnS) shell QDs (red curve), cadmium selenide sulfide (CdSeS) with ZnS
shell (blue curve), and indium phosphide (InP) with ZnS shell (green curve). The
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Figure 2.1: In (a), the emission spectra of CdSe/ZnS (blue curve), CdSeS/ZnS (red
curve), and InP/ZnS (green curve) QDs is shown. A simple drawing of the QD core,
shell, and ligands is shown in (b).

InP/ZnS QDs have a much broader emission line due to a large distribution of sizes in
the colloidal solution, which highlights the direct influence of QD size on the emission
wavelength. For a narrow emission band of wavelengths, a fabrication process is
needed to create batches of QDs with small variation in their sizes (monodisperse
solutions).
A very common method for fabricating monodisperse distributions of QDs
is called the “hot injection” method [16]. In this method, precursors and solvent
are added together in a vial at a high temperature. The high temperature induces
nucleation in the vial, which forms the QD core (Figure 2.1b). Even though this
method has led to consistency in the fabrication of QD cores, there can still be
imperfections in the core (such as dangling bonds) that lead to degradation of optical
performance.
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The optical properties of the QD are influenced by the core surface. Irregularities (known as “surface defect sites” or “trap states”) in the shape of the QD core can
lead to decreased excited state lifetime and emission efficiency [17,18]. The decreased
emission efficiency is due to excited carriers (such as electrons) in the QD that get
trapped in defect sites, which consequently leads to more non-radiative decay than
radiative (emission) decay because here the electron and hole don’t recombine. To
combat the decrease in efficiency, “capping” the QD core [19] with a shell of higher
bandgap material is done to passivate and prevent the nonradiative decay of electrons
to trap sites in the QD core. The efficiency increases because the electrons excited in
the core have a higher probability to decay radiatively [14].
The trap states on the QD surface can be effectively reduced by the shell, but
other trap states can still be present to the QD in the local environment. The nearby
environment of the QD can introduce trap states which will modify how an excited
QD (exciton) will decay. The decay of the QD can be described by two processes:
radiative and nonradiative decay.

2.2.2

Factors determining emission and lifetime decay
There are several factors that determine how an excited QD will relax to the

ground state. In some cases, the QD energy can be transferred to a nearby surface or
particle due to nonradiative processes. In other cases, the energy will be converted
to light via recombination of an electron and hole (exciton).

13

Figure 2.2: In (a), the energy levels for a simple two-state QD is shown, along with
basic excitation and relaxation directions. In (b), the decay rates of ksur and krad are
shown schematically in a two-level QD. The nonradiative energy decay mechanisms
of FRET and SET are shown in (c) and (d), respectively.

2.2.2.1

Radiative process - the intrinsic exciton

In the radiative process, the recombination of an exciton in the QD releases a
photon at the exciton energy. This energy determines the emission wavelength. This
process is shown in Figure 2.2a, where a excitation source (green arrow) excites the
QD from the ground state |1i. Here, the excitation was above the bandgap energy,
so the electron relaxes quickly down via phonons to the excited state denoted by |2i.
At |2i, the electron can recombine with the hole and emit a photon at the bandgap
energy. If a constant excitation source is provided, this recombination will occur many
times per second, and is given by the radiative decay rate krad (shown in Figure 2.2b).
The krad is an intrinsic property of QDs. For efficient emission of the QDs, it is
desirable to boost this krad as high as possible, because that equates to more photons
emitted per unit time. This boosting of krad can be achieved by the introduction of
nearby metal surfaces [20, 21] or MNPs [22, 23]. The common theme in these types of
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krad boosting is that the nearby metals create an enhanced electric field experienced
by the QD, which increases the krad (this is known as the Purcell effect).

2.2.2.2

Nonradiative processes - trap states, FRET, and SET

When the QD is excited to the |2i state but returns to the |1i state without
emitting a photon, then the QD has decayed nonradiatively. One way a QD exciton
may decay nonradiatively is if the charge carrier decays to trap states or surface
defect sites. This can occur because of imperfections in the QD itself, or because of
defects in nearby materials (such as the substrates). In the case of nearby materials,
the charge carriers may be able to tunnel to the material defect sites. These defect
sites usually arise due to dislocations or broken lattice symmetry in the crystalline
material [24]. In an energy view, these can leave intermediate (trap) states in the
energy band which are within the exciton energy range, thus allowing QDs to decay
to these intermediate states without emission of a photon. Different materials have
varying amounts of defect sites and the alignment of their energy bands, which may
or may not fall within the QD exciton energy.
QD surface defects are caused by imperfections in the core structure. Like in
nearby materials, these defect sites cause intermediate energy levels to be available
to the QD that are within the exciton energy range. Thus, an excited QD may decay
to these intermediate states without the emission of a photon. The decay rate of
energy to the QD surface is represented by ksur in Figure 2.2b. To decrease the
amount of surface defect sites in QDs, the fabrication of an outer shell with higher
bandgap energy has been shown to help immensely [25, 26]. However, it has so far
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proved impossible to completely rid the QD of surface defects, such that an excited
QD will intermittently lose it’s charge carrier to such defects. For nonradiative decay
of the QD to material or surface defects, the charge carrier is transferred but no direct
energy transfer takes place from the QD to the defects.
Energy transfer from a QD is possible under certain situations. One of these
situations occurs when the QD is near a particle that has a similar resonant state
(such as other QDs, MNPs, dye fluorophores, etc). When the QD nonradiatively
transfers energy to a nearby resonant particle, it is called Förster resonance energy
transfer (FRET) [27–29]. In this case, the QD is known as the donor and the nearby
particle is called the acceptor. If the acceptor has an absorption spectra that overlaps
with the emission spectra of the QD donor, then nonradiative energy transfer can
occur between the two via dipole-dipole coupling. The efficiency EF RET of FRET
can be described by the distance between the donor and the acceptor:

EF RET =

1
1 + ( Rd0 )6

(2.1)

where d is the distance between the donor and acceptor, and R0 is the Förster
distance. The Förster distance is:

R0 =

0.9ln(10)(κ2 QD )
J
128π 5 NA n4

(2.2)

where NA is Avogadros number, κ is the dipole orientation factor, QD is the
quantum yield of the donor in the presence of the acceptor, n is surrounding refractive
index, and J is the spectral overlap of the donor and acceptor. Hence, the efficiency
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of FRET is largely dependent on the distance between the donor and acceptor, the
refractive index, and the spectral overlap of the particles. Equation 2.1 is shown
conceptually in Figure 2.2c as QDs transferring energy (direction of arrow) to a MNP.
Energy transfer may also nonradiatively occur between the QD and a nearby
metal surface [30–35]. This is known is surface energy transfer (SET). A theoretical
construct was laid out in 1982 by Persson et al. [35] which showed that the decay
rate of an oscillating dipole near a metal surface is proportional to d−4 , where d is
the distance between dipole and metal surface. In general, the SET efficiency, ESET
can be described by:

ESET =

1
1 + ( dd0 )4

(2.3)

where d is the distance between the QD and the surface and d0 is the characteristic distance given by [36]:

d0 = 0.525

c3 QD
ω 2 ωf kf

(2.4)

where c is the speed of light, ω is the donor electronic transition frequency,
ωf is the Fermi frequency, and kf is the Fermi wavevector. Similarly to FRET, the
efficiency of SET is dependent on the properties of both the donor and the acceptor
metal. However, the distance dependence is slightly less than in FRET, which can
be useful when larger distances are required for probing or sensing applications, for
example. Equation 2.3 is shown conceptually in Figure 2.2d as QDs transferring
energy to a metal surface.
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2.2.3

Single quantum dots
Single QDs exhibit certain properties that are not present in an ensemble of

QDs, and observing them experimentally can be more difficult. The most pronounced
behavior of single QDs compared to their ensemble is the on-off “blinking” of emission
intensity (see Figure 2.3). The mechanism behind single QD blinking is not completely
solved, however one prominent theory is that it occurs due to the Auger processes in
the QDs [37, 38]. These Auger processes include Auger nonradiative recombination,
auto-ionization, thermoelectric ionization, etc [38]. The common theme to these
processes is that the exciton energy of the excited QD transfers to a charge carrier
which then has enough energy to escape the QD. The loss of charge in the QD means
that the emission will be darkened, or in the “off” state. In ensembles of QDs, it is
difficult to observe blinking because the vast amount of QDs means that the observed
emission is the average of many QDs. This leads to a signal that has no apparent
blinking. Furthermore, blinking may be hidden due to the Coulomb blockade effect.
The Coulomb blockade forms when some QDs become ionized, which creates an
electrostatic field barrier. This barrier discourages the ionization of nearby QDs, and
thus leads to less loss of charge carriers such that ensembles of QDs emit brighter
and longer. However, the “off” state of QDs can clearly be observed when they are
isolated from each other by large (>1 µm) distances because the Coulomb blockade
is weakened and the signal is no longer the average of nearby QDs.
Single QDs are important to study at a fundamental level because we are able
to observe processes (such as the Auger processes) that would be difficult to do in
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Figure 2.3: The emission intensity of a single QD taken over 400 secs. The “blinking”
of the QD is apparent as many peaks and valleys in the intensity that can be described
as bright and dark states, respectively.

ensembles. Furthermore, for many applications such as “optical rulers” or quantum
computing, single QDs are required [39, 40]. From an applications standpoint, single
QDs may be used in conjunction with MNPs for devices that introduce nonlinear
phenomena such as four-wave mixing and second harmonic generation [41, 42].

2.2.4

Quantum dot applications
Much research has been put into using QDs as biological markers, trackers,

and sensors [43–46]. There are different mechanisms by which the QDs can be used
in these cases. For example, one may track a certain molecule by binding a QD
to such a molecule and detecting the QD emission over a period of time. QDs can
also function as biological sensors by monitoring the energy transfer via the FRET
proccess, where the amount of energy transfer can be related to the quantity of
present biological entities. QDs are also appealing as components in solar cells for a
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multitude of reasons, a couple of which are their their tunable response and ability
to generate multi-carriers per photon [47–50]. The interest of QDs in solar cells lies
in attempting to increase the energy conversion efficiency as compared to traditional
solar cells [48]. In general, QDs are attractive nanomaterials in many applications due
to their narrow emission linewidth, tunable emission wavelength, broad absorption
band, and low photodegradation (stability).

2.3

Metallic nanoparticles

The optical properties of MNPs are largely due to their metal character, shape,
size, and surrounding environment. The most common metals used to fabricate MNPs
are gold (Au) and silver (Ag). The choice of metal depends on the applications, as
the properties can differ based on, for example, the number of free electrons in the
metal.

2.3.1

Defining properties
One of the main features of metals is the ability to sustain a plasmon resonance

made possible by the vast amount of free electrons available. The high number of free
electrons means that the metals can respond to a driving field in ways that insulators
or semiconductors cannot. For example, under certain conditions a resonance may
occur in the metal in which the electrons oscillate coherently with the driving field. In
bulk metals, the frequency at which these electrons will oscillate coherently is called
the plasmon frequency (ωp ) and is given by [51]:
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ωp2 =

ne2
0 m

(2.5)

where n is the density of free charge carriers, e is their charge, 0 is the relative
permitivitty of free space, and m is the mass of the charges. Generally, light cannot
excite the plasmon frequency in bulk metals because bulk plasmons are longitudinal
in nature, whereas light is a transverse wave [51]. However, when the dimensions of
the metal approaches the wavelength of the incident light, the oscillating electrons are
confined to a small geometrical shape, and thus the electric field of light can begin to
excite the plasmon frequency of the nanoscale metal (the MNP). In this scenario, the
incident light field causes an oscillation of the free charges (electrons) in the confined
volume, which ultimately leads to a dipole moment (or multipole in the case of large
MNPs) within the MNP and thus an induced electric field which is localized around
the surface of the MNP. In other words, the prominent response due to incident light
impinging on a MNP is a localized surface plasmon resonance (LSPR). The LSPR is
a coherent oscillation of the conduction electrons in the MNP with the incident light
that can cause localized and enhanced electric field that surrounds the MNP.
For very small MNP spheres, the electric field and extinction of the sphere can
be solved exactly for incident light, as derived by Mie [52, 53]. However, for larger
MNPs or MNPs that are not spherically shaped, there is not an exact solution for
the electric field and numerical approximations must be utilized. The most common
numerical methods are the discrete dipole approximation (DDA) or the modified long
wavelength approximation (MWLA) [54]. Large MNPs usually exhibit multipolar
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resonances as opposed to simple dipolar resonances, which leads to complexity in
modeling their optical response. Regardless of ease of theoretical models, the main
defining feature of MNPs is their LSPR.

2.3.2

Localized surface plasmon resonances
The LSPR is very sensitive to the size and shape of the MNP [54–57]. Take,

for example, nanorods and nanospheres. In small (<10 nm) nanospheres, the radial
symmetry causes the extinction spectra to exhibit one mode, regardless of the incident
light polarization. Sending in polarized light along the longitudinal or transverse
axes of nanorods, however, results in two excitation modes corresponding to these
axes [58–60]. In the nanorod extinction, this manifests itself as two distinct peaks,
as seen in Figure 2.4. Here the transverse mode can be observed at 530 nm, whereas
the longidutinal mode redshifts with increasing aspect ratio. Figure 2.4 highlights
how altering the apsect ratio can help tune the extinction. The extinction may
further be modified in nanorods by only sending in light along either the transverse
or longitudinal axes. In this case, only one of the modes would be excited, allowing
for polarization selective extinction. This selective extinction could be useful for
determing the unknown orientation of a nanorod, for example.
The size of large MNPs (> λ of incident light) also impacts the LSPR wavelength and field distrubution due to electromagnetic retardation effects [51]. These
retardation effects are due to the amplitude and phase differences of the electric field
across the MNP. This can especially be seen when increasing the length of nanorod
MNPs [61, 62]. As the length increases, the number of modes that can oscillate also
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Figure 2.4: The extinction of gold nanorods as the aspect ratio (length over width)
is increased. Here the amount of silver ions (Ag+ ) was increased during the growth
fabrication process in order to increase the aspect ratio. As the aspect ratio increases,
the longitudinal mode of the LSPR redshifts. Figure adapted from [59]. Copyright
2009 John Wiley and Sons, used with permission.

increase, thus modifying the extinction spectra. When more than a single resonances
is formed, the resonances are referred to as multipolar. In Figure 2.5, SEM images
and extinction of silver nanorods is shown as the length increases well beyond the
small (<100 nm) limit. The extinction exhibits multipolar resonances, denoted by
the numbers in the figure. These “extra” resonances are the higher order modes that
are able to be excited along the longitudinal (length) axes. The multipolar resonances
can make the extinction spectra and the electric field distribution more complex.

2.3.3

Metallic nanoparticle applications
Like QDs, MNPs can also be used for labeling and tracking of biological par-

ticles [63] due to their efficient scattering of incident light. In anisotropic MNPs, it is
possible to also gain information about the biological particle because of the distinct
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Figure 2.5: SEM images of silver nanorods with length 790 nm (a), 940 nm (b),
and 1090 nm (c), and their corresponding extinction on the right hand side. The
extinction exhibits multipolar resonances that are numbered according to their order.
Figure adapted from [61]. Copyright 2000 AIP Publishing LLC, used with permission.

optical responses of the MNPs. Furthermore, MNPs can be used as sensors, since
their extinction is highly dependent on the immediate surroundings [59, 60]. Using
MNPs in solar cells can provide means to boost the efficiency [64, 65]. Among the
other many applications, MNPs as nanoatennas can be viable as communication at
the sub-wavelength scale. The majority of MNP applications exploit the ability of
the MNPs to sustain an LSPR. The LSPR is useful, for example, for developing applications that go beyond the diffraction limit [66, 67] or by enhancing the emission
efficiency of QDs.

2.3.4

Arrays and plasmonic lattice modes
When MNPs are placed within close proximity of each other, there can be

coupling of the two LSPRs [68]. This coupling can dramatically alter the extinction
spectra and field distribution around the MNPs [69]. The interaction between MNPs
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becomes even more interesting when arrays of them are fabricated. Arrays of MNPs
can contain tens to thousands of MNPs, and under the correct conditions, the MNP
array can display collective behavior that alters their optical properties.
Arrays of MNPs with carefully chosen lattice constants can induce what are
known as plasmonic lattice modes (PLMs). PLMs are a collective behavior of the
MNPs that belong to the array. The lattice spacing in the array allows the MNPs to
couple together under certain conditions. These conditions allow all the MNPs in the
array to be coupled together through their LSPRs, and for this reason the collective
resonances is called the PLM. These PLMs offer new opportunities for applications
because they can have much higher Q-factors, spatial range, and directionality in
their field distribution [70] as compared to the LSPRs of individual MNPs. The
PLMs of MNP arrays come about due to the ability of the array to diffract incident
light. When a diffracted order radiates into the plane of the MNP array, the Rayleigh
anomaly (RA) condition is met, and there can be coupling of the evanescent light
from the diffracted order to the LSPRs of the individual MNPs in the array. This
coupling causes there to be a collective resonance, or PLM, of the MNP array, which
can form characteristic spectral asymmetric features (Fano-type resonances) [71–81].
The spectral shape of the PLM depends on the interaction between the RA of
the MNP arrays and the LSPRs of the individual MNPs [82]. This interaction can lead
to the shaping of the extinction which is dependent on the RA wavelength and LSPR
detuning [83]. If this detuning is low enough, PLMs can be formed by the optical
interaction of the LSPR and RA. The spectral location of the RA is dependent on the
array lattice constants, the surrounding refractive index, and the angle of incidence.
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On the other hand, the LSPRs are mostly dependent on the nanoantenna size and
shape. For a given structure with a certain periodic nature, the RA condition is met
at the RA wavelength, which is given by [84, 85]:

λRA,m =

a
[n + sin(θ)]
m

(2.6)

where λRA,m is the RA wavelength, a is the lattice constant of the array, m is
the diffraction order, n is the refractive index surrounding the MNP array, and θ is the
angle of incident light. When the LSPR and RA wavelength overlap, the formation
of PLMs can occur. In Figure 2.6a, we show the SEM image of an array of small
nanorod MNPs. The extinction spectra of this array for incident light polarization
along the short axes is shown in Figure 2.6b. Since the nanorods are significantly
larger than a few tens of nanometers, the LSPR character is multipolar (not dipolar).
The multipolar LSPR can be seen here at approximately 600 nm and spans over a
couple hundred nanometers. The other feature of this extinction is a sharp peak with
∼30 nm full width at half maximum (FWHM). This is the PLM of this type of array,
and can be revealed by calculating the RA wavelength and tracing this wavelength
as the incident angle is varied (discussed in Chapter 6).
There are many potential applications for PLMs. One of the major applications of PLMs is that of sensors [86, 87]. This is because the PLM peak wavelength
and spectra are highly dependent on the surrounding refractive index of the MNP
arrays, much like the individual MNP LSPR. However, the higher Q-factor can give
better spectral resolution when differentiating between slightly different refractive in-
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Figure 2.6: SEM image of an array of small nanorod MNPs is shown in (a). In (b),
the extinction of this array is shown for incident light polarization along the short
(transverse) axes, which exhibits a multipolar LSPR at 600 nm and a PLM at around
790 nm.

dices, for example. PLMs have also found their way into lasing applications such as
in Refs. [88], [89], and [90]. Finally, PLMs can be used for controlling the emission
of quantum emitters via the PLMs [70, 91, 92]. When used in this way, the emitters
can couple to the PLMs, such that tailoring the PLM characteristics (such as peak
wavelength and field) can yield control over the emission intensity, polarization, and
direction.

2.4

Exciton-plasmon coupling in hybrid MNP-QD systems

Since the resonances of QDs and MNPs can coincide at the same frequencies,
it might be assumed that there can be optical interaction between the two. In fact,
there can be coupling of the QD exciton to the LSPRs of the MNPs through a
mechanism called exciton-plasmon coupling. Exciton-plasmon coupling is a broad
term for coupling between metal plasmons and excitons in semiconductors. In this
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dissertation, we will refer to exciton-plasmon coupling when discussing the interaction
between the QD exciton and MNP LSPRs in the weak coupling regime [9], wherein
the exciton and LSPR energies do not change via the coupling.

2.4.1

Defining properties
Exciton-plasmon coupling can occur when the exciton energy overlaps with

the MNP LSPR. This coupling can lead to a modification of the optical properties
(radiative decay rate, field distribution) in both QDs and MNPs. New and useful
properties can be established via exciton-plasmon coupling (e.g., optical switching
[93]), as well as control over traditional properties (e.g., sensing capabilities, control
over energy transfer between QD and MNP, control over emission polarization [94]).
To understand exciton-plasmon coupling in QD-MNP systems, it is useful to adopt
the qualitative illustration in Figure 2.7.
In this model, a QD is in close proximity to a spherical MNP with a centerto-center distance of R, and is embedded in a material of electric permittivity 0 as
shown in Figure 2.7a. The QD and MNP form a hybrid system, and this system
is excited by a driving field, such as a laser. This laser can either excite the MNP
LSPR, the QD exciton, or both simultaneously. The driving laser field, EApp can be
described as:

1 0 −jwt
e
EApp = EApp
2

28

(2.7)
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Figure 2.7: In (a), the system energy model schematic for exciton-plasmon coupling
showing the MNP, QD, and applied field is displayed. In (b), an energy diagram
showing the QD and MNP energy levels and the dipole interaction between them.
The exciton-plasmon coupling here is induced by the QD; the laser excites an electron
in the QD to above the exciton energy, which quickly relaxes to this energy. The
exciton energy is resonant with the MNP plasmonic resonance, and thus dipole-dipole
interaction can occur.

0
where EApp
is the field amplitude, ω is the driving frequency, and t is time. Equa-

tion 2.7 describes a field with constant amplitude that varies sinusoidally with time.
The QD does not feel this laser field exactly as is; there are interactions between
the laser field and the system that causes the QD to feel an “effective” electric field
(EEf f ) given by:

1 0 −jwt
EEf f = EEf
fe
2

(2.8)

0
The effective field amplitude, EEf
f , is due to three different fields: the amplitude of

the applied laser field, the field due to excitation of the MNP plasmonic resonance by
the laser field, and the self-induced field that occurs due to excitation of the MNP by
the QD’s own dipole field. This is described mathematically as:
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0
0
0
EEf
f = EApp + EApp

2γr3 S 2 γµ12 r3
+
ρ̂21
R3
Ef f 1 R6

(2.9)

where the three terms correspond to the three fields mentioned above, respectively.
We see from this equation that when there is no MNP, or when the distance R from
QD to MNP is very large, the field from the excitation of the MNP (second term) and
the self-induced field (third term) is zero and the QD only sees the applied field. In
Equation 2.9, r is the radius of the spherical MNP and S relates to the polarization
of the system. For z-polarization (polarization along the axis joining the QD and
MNP), we have S = 2, and for the x-polarization (perpendicular to the system axis)
we have S = −1 (see Figure 2.7a). µ12 is the dipole moment of the 1-2 transition of
the QD and ρ̂21 is the off-diagonal element associated with the density matrix of the
system, which is related to the polarization of the QD dipole. The γ and Ef f 1 are
related to the electric permittivity of the surrounding material and of the MNP by:

γ=

m (ω) − 0
m (ω) + 20

(2.10)

20 + s
30

(2.11)

Ef f 1 =

where m is the electric permittivity of the metal and s is the electric permittivity of
the semiconductor QD.
In order for efficient exciton-plasmon coupling to occur, the spectra of the
plasmonic resonance of the MNPs and the exciton of the QD must overlap. This
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ensures that the dipole-dipole coupling between QD and MNP are at a maximum,
and thus exciton-plasmon coupling is present.

2.4.2

Off-resonant exciton-plasmon coupling
In this dissertation, off-resonant excitation is used to excite the QD-MNP

systems. In off-resonant excitation, the laser can excite the QD exciton off-resonantly
because of the QDs wide absorption band. However, the MNP resonance is not excited
by the applied laser field, and thus the second term in Equation 2.9 is essentially zero.
Furthermore, since the applied field is not resonant with the QD exciton, the first term
also is essentially zero. Since the QD exciton and MNP plasmon overlap, however,
the exciton of the QD can induce excitation of the plasmon resonance, thus allowing
the third term in Equation 2.9 to survive. This means the effective field is due mostly
to the third term:

0
EEf
f (of f −res) =

S 2 γµ12 r3
ρ̂21
Ef f 1 R6

(2.12)

Equation 2.12 is the effective field felt by the QDs in hybrid systems excited offresonantly. Here, ρ̂21 is related to the polarization of the QD dipole in the hybrid
system. In Figure 2.7b, the energy diagram for off-resonant excitation of the hybrid
system is shown.
Exciton-plasmon coupling is often divided into weak and strong coupling regimes
[9]. In the weak coupling regime, the interaction in the hybrid system is modeled as
the coupling of the QD exciton dipole to the MNP LSPR. This type of description
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can describe phenomena such as enhanced absorption cross sections or increased radiative decay rates of the QDs. In the strong coupling regime, there is resonant
excitation of the QD exciton and MNP LSPR, such that the exciton wavefunctions
and LSPR modes are modified significantly. In strongly coupled hybrid systems resonantly excited at the exciton and plasmon frequency, there can be new coupled states
that exist via coherent dynamics of the system. Coherent dynamics are phenomenon
associated with the hybrid system due to the presence of a coherent and resonant
driving field (such as a laser). In this case, there is coherence between the QD dipole
and laser field because of the resonant excitation of the QD exciton. Because the
plasmon resonance is strongly coupled to the QD exciton, the interaction between
the QD and MNP is also coherent. The coherence between the QD dipole, MNP, and
laser field gives rise to coherent dynamics and the possibility of new coupled states
and phenomenon (such as modification of Rabi oscillations and plasmonic metaresonances) [95, 96]. The coherent dynamics and phenomenon mentioned are most likely
to occur when the system is excited with a laser that is resonant with both the QD
and MNP. However, we see from equation Equation 2.12 that there is a coherence
term (ρ̂21 ) in the effective field felt by the QD, even though the system is excited offresonantly. If the coupling due to off-resonant excitation is strong enough, it might
be possible to detect some sort of coherence in the system through monitoring the
lifetime of the QDs in the hybrid systems.
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2.4.3

Observing exciton-plasmon coupling via polarization selectivity of
emission
One way to identify exciton-plasmon coupling in QD-MNP systems is to ob-

serve the polarization of the QD emission in such systems when excited off-resonantly
[10]. This is possible when the MNPs in the system display an extinction that is dependent on the incident light polarization, such as nanorods that have distinct transverse and longitudinal modes. The exciton-plasmon coupling, because it is dependent
on the LSPR, will be different for different polarizations in these cases. Thus, in cases
where the exciton-plasmon coupling causes radiative enhancement, the amount of enhancement will differ for different polarizations. This manifests itself in an emission
intensity that depends on the observed polarization. For these experiments, this can
be tested by simply placing a linear polarizer in the setup to analyze the emission
from the QDs.

2.5

Applications involving exciton-plasmon coupling

Exciton-plasmon coupling is appealing to many applications because the optical properties of the system— such as absorption, radiative efficiency, polarization of
emission, and emission direction of the QDs— may be controlled by proper design of
the QD-MNP system [11, 97, 98]. This means that devices can be made brighter, and
that they may have directional and even polarized emission, which are all key ideas
in optimizing LEDs [99–102], for example. Of course, improving emission efficiency
of emitters (QDs) is a goal in most nanophotonic applications like sensing and com-
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munication. In 2012, Zhao et al. reported on how a QD-MNP system could be used
as a DNA sensor, based on the measured photocurrent in the QD [103]. In terms of
opto-electronic applications, Chengmingyue et al. recently demonstrated the ability
of QD-MNP structures to increase polymeric photorefractive performance by improving the response speed in such systems [104]. The increased response speed makes
fast modulation of the refractive index possible, which itself opens up doors for applications that require phase manipulation like holography. QD-MNP structures have
also been demonstrated for protein detection [105] and nanoscale detection and ranging [106]. It is worth noting that many of these applications require single QD-single
MNP systems, as opposed to an ensemble of either entity.

2.6

Conclusion

The tunable optical responses of QDs and MNPs are perhaps what makes
them the most useful in nanophotonic applications. Both QDs and MNPs have been
studied heavily in the past few decades, which has led to better understanding of
their properties as well as improved fabrication techniques. With the improvement of
fabrication technology, MNPs can be formed into ordered arrays that exhibit collective resonances. These collective resonances, known as PLMs, offer new variables to
work with such as spatial extension, directionality, and narrow Q-factors. Even more
control over QD or MNP properties can be induced in a hybrid QD-MNP system. In
these systems, the exciton and LSPR can couple together if they overlap spectrally.
The dipole-dipole coupling in these cases can yield increased control of direction and
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polarization of emission, for example. In the next chapter, we discuss how systems
containing QDs, MNPs, and both QDs and MNPs can be fabricated and tested.
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CHAPTER 3

METHODS AND MATERIALS

3.1

Overview

The investigation of QD dynamics in the presence of nanomaterials or their
interaction with MNPs requires the fabrication of samples that contain these entities within close proximity of each other. This close proximity is on the order of
nanometers, which necessitates precise fabrication processes. Furthermore, the fabricated samples are required to be free from contamination, since even small amounts
of contamination can adversely and largely affect the results. For these reasons, the
samples are fabricated in a cleanroom and are tested using calibrated experimental
configurations. This chapter presents the main experimental methods, configurations,
and materials used to obtain the results of this dissertation. The results of this dissertation are obtained by fabrication and testing at the University of Alabama in
Huntsville (namely at the Nano and Micro Devices Center and the Nanophotonics
and Quantum Devices laboratories). In Section 3.2, the fabrication of the samples
are described. In Section 3.3, the experimental configurations and methods used to
test the samples are covered. Finally, in Section 3.4, we discuss the statistical and
analytical techniques we use when analyzing the data from these experiments.
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3.2

Sample Fabrication

All samples were fabricated in a class 10,000 cleanroom using various methods
such as thermal evaporation, sputtering, and electron beam lithography. Two main
types of samples were utilized in this work: (i) silica substrates with regions of sputterdeposited layers containing various materials, and (ii) silica substrates with metallic
nanoparticle arrays. To study QD properties on both types of samples, QDs are
spincoated on top such that a thin film is deposited directly on the samples.
The silica substrates were acquired from Ted Pella, Inc (Schott D63M). These
substrates have a refractive index of ∼1.52 at 546.1 nm. The dimensions of these
substrates were 22 mm × 22 mm, and had a thickness of ∼0.14 mm. Optically, they
have a transmittance of >93% from 400 nm to at least 800 nm.

3.2.1

Silica substrates with various material layer structure
The QD dynamics in relation to their environment can be investigated by

placing QDs very near to layers of different materials. By fabricating the QDs and
material layers onto the silica substrates, the QD properties can be tested on optical
table experimental setups. To fabricate the samples with various material layers, a
sputter tool and a masking method were used in order to divide the silica substrate
into four equally-sized regions. Each region contained a different combination of
the material layers. To mask and create the regions, portions of the substrate were
covered via other silica substrates. This prevented sputtered material from reaching
the covered areas, and thus allowed the formation of the regions individually. In
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Quantum dots
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Top view
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Figure 3.1: A top and side view of the sample structure is shown for samples that
contain various material layer structure. The top view shows how four regions (I-IV)
may be fabricated. After sample fabrication, QDs are spincoated on the top, forming
a thin film as shown in the side view.

Table 3.1: The materials used in sample fabrication, along with their shorthand
notation.
Metals

Dielectrics/semiconductors

Metal oxides

Gold (Au)
Silver (Ag)

Silicon dioxide (SiO2 )
Amorphous silicon (am:Si)
Germanium (Ge)

Aluminum (Al) oxide
Chromium (Cr) oxide
Titanium oxide (TiO2 )
Copper (Cu) oxide

Table 3.1., we list all the materials that we have used in this type of sample. In
Appendix A, the fabrication parameters and settings are described for each material.
As an example, let’s say we desire to create a sample that contains combinations of Au, am:Si, and Al oxide. First, the Au layer is sputtered onto half of
the silica substrate. Then, the am:Si layer would be deposited onto the whole substrate. Finally, half of the substrate would be masked, perpendicular to the previous
mask, and then the Al oxide would be deposited. This forms the four regions; the
am:Si, am:Si/Al oxide, Au/am:Si, and Au/am:Si/Al oxide regions. These four re-
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gions are represented schematically in the top view of Figure 3.1. To deposit QDs
onto the finished sample, the spincoating method described in Section 3.2.3 is used.
After deposition of QDs, the sample was ready to be tested using the experimental
configurations described in Section 3.3.

3.2.2

Silica substrates with metallic nanoparticle arrays
In this dissertation, we also desire to understand how the QD exciton interacts

with the LSPRs of MNPs. In order to achieve this, arrays of MNPs are fabricated
onto the silica substrates using the electron beam lithography (EBL) method. As the
name implies, EBL is a form of lithography that is used to create patterns that can
have sub-micron features. The basic method of EBL is to first deposit a thin film of
photoresist onto a substrate. Then, a scanning electron microscope (SEM) exposes the
substrate with a beam of electrons in a pre-determined way such that the photoresist
is patterned. After the exposure, the substrate is placed into a developer which
will remove exposed portions of the photoresist (given a positive photoresist). The
substrate now has patterned features; areas with bare substrate where the photoresist
was removed, and areas where the photoresist remains (no exposure was done by the
SEM, and therefore no chemical removal by the developer). A material such as Au
is then deposited onto the substrate, such that the Au will either be deposited onto
the substrate where photoresist was removed, or it will be deposited directly onto
the photoresist. Finally, the substrate is placed into a photoresist remover. This
completely removes the photoresist from the substrate along with the Au that was
deposited on top. Since there was Au that was directly deposited onto the substrate
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where the photoresist was exposed and removed by developing, the final result is a
substrate with Au structures that have the exposed, pre-determined pattern. The
electron beam of the SEM can pattern features in a photoresist film down to sizes
in the <50 nm range [107]. The minimum size that can be patterned by an SEM is
determined by the accelerating voltage, photoresist properties, proximity effects, and
many other properties. The specific EBL method that we use to fabricate the MNPs
of this dissertation is catalogued in Appendix A. The described process of EBL is
shown in Figure 3.2.
Each MNP array sample contained four individual array patterns. Each array
pattern was approximately 200µm × 200µm in area, and the patterns were separated
from each other by at least one width (200µm). Four arrays on each sample were
fabricated in order for the results to have statistical significance (to make sure the data
did not contain errors or anomalies). To form the MNP-QD structures, a dielectric
layer was deposited on top of the MNP arrays by the sputter tool. This dielectric layer
served to protect the MNP arrays from environmental conditions that could degrade
the useful properties such as extinction. Furthermore, the dielectric layer also acted as
a spacer between the QDs and the MNPs. This thickness of the dielectric layer could
be altered, which allowed for tailoring the amount of FRET from QDs to MNPs, for
example. Another key impact of the dielectric layer was in the formation of PLMs,
as investigated in Chapter 6. The main materials used for the dielectric layer were
SiO2 and am:Si.
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Figure 3.2: The electron beam lithography process is shown in steps. A thin 2 nm
layer of Cr is deposited onto the silica substrates (1). Then, photoresist is spincoated
(2) and the SEM is used to expose the photoresist (3). A photoresist etcher is used
to remove the exposed parts of the photoresist (4), and then Au is deposited on top
by thermal evaporation (5). The sample is then placed in photoresist remover which
leaves the MNPs on Cr (6), and then placed in a Cr etcher to remove the Cr layer
(7). After annealing, the sample is ready to use (8). A side view and top view of the
MNP array sample is shown in the bottom right hand corner.

3.2.3

QD deposition onto the samples
The QDs used were exclusively CdSe/ZnS (core-shell) and were obtained from

NN-Labs, Inc. These QDs were manufactured as a crystalline powder dissolved in
a solvent (toluene), usually at a concentration of 10 mg per 5 mL. The diameter
of the QDs ranges from 5.0 to 9.5 nm (including shell), depending on the emission
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wavelength [108]. Ligands are oftentimes grown onto QDs in order to increase their
stability and solubility [109–112]. Octadecylamine (ODA) ligands coated the outside
of the QDs used in this dissertation. For the experiments presented here, the as-is
QDs are further diluted in toluene to increase the uniformity in the samples. The
final dilution has a concentration of 1.20×1012 QDs/µL.
To form samples and structures with these QDs, the QDs are spincoated onto
the sample using a centrifuge. An Eppendorf pipette is used to accurately drop 10
µL of the QD solution onto the substrate prior to the beginning of the spincoat cycle.
The spincoating parameters are: (i) spread cycle at 170 rotations per minute (RPM)
for 8 sec with an acceleration of 50 RPM/S, followed by (ii) spin cycle at 4000 RPM
for 60 sec with an acceleration of 300 RPM/S. The film thickness, t, can be roughly
estimated using the general spincoating equation [113]:

1
t∝ √
ω

(3.1)

where ω is the angular velocity of the centrifuge in rad/s. For 4000 RPM, the
thickness t is calculated to be ∼48.8 nm. The uniformity of the QD thin film layer
was verified by observing the QD emission over the spincoated film. The variation in
emission intensity was 10% or less, which suggested uniform QD layers.
In thin films where the QDs were required to be well-seperated from each other
(for example, for single QD experiments), the addition of poly-methyl methacrylate
(PMMA) into the QD solution was necessary. At the low concentrations of QDs
needed for them to be well-separated and isolated, the distribution of QDs can be-
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come inhomogeneous (agglomeration can occur). The PMMA is used to counter this
agglomeration and to create a more uniform distribution of QDs in the thin film. The
PMMA was made by taking the powder form and dissolving it in toluene. A large
batch was made which contained 0.1527g of PMMA powder and 34.5mL of toluene,
leading to 0.51 w/w% . This solution of PMMA in toluene was then added to the QD
solutions at a constant ratio of 1 part PMMA-tol to 10 parts QD-tol. For example, if
the QD-tol solution contained 100µL of toluene, then 10µL of the PMMA-tol solution
would be added to create the QD-PMMA-tol solution.
Prolonged exposure to the environment may lead to photo-oxidation or degradation of the QD emission and/or changes in the decay lifetime. Therefore, all QD
solutions were prepared no longer than one week before use. For QD solutions that
contained PMMA, the solutions were mixed and spincoated during the same day,
since it was observed that PMMA can quickly reduce emission and QD lifetime. All
experiments involving QDs were completed within a day or two of spincoating, to
ensure that major changes to the photoluminescent properties would not take place.

3.3

Experimental configurations

The experimental configurations are devised to measure four main variables of
either the QDs or the MNP arrays. The first variable is the QD emission intensity.
This is observed using a spectroscopic setup and a commercially purchased spectrometer. We also observe the QD emission intensity from an imaging point of view, where
we use a highly sensitive camera to observe the emission of single QDs. In this case,
however, the spectral content is not analyzed but rather the temporal emission inten43

sity is measured. The third variable is QD decay lifetime, where the experiment made
use of Time Correlated Single Photon Counting (TCSPC) techniques and hardware.
Finally, the last variable we measure is the extinction of MNP arrays. This is done
using a broadband white light source, optical elements, and a spectrometer.

3.3.1

Spectral measurements of QDs
Spectral measurements tell us a great deal about the QD behavior. One es-

pecially useful piece of information from these type of measurements is the overall
intensity, as compared to some reference. For example, QDs on a silica substrate
will have some average intensity at the peak wavelength. If there is also a region
on the sample with Au (such that a SiO2 /Au region is formed), a sharp decrease in
the emission would most likely be observed. This hints that the Au is quenching the
emission by some nonradiative process, which in this case would most likely be due
to surface energy transfer between the QDs and Au. Many other processes in the
QD can be observed from spectral measurements, such as photo-oxidation or heating,
which results in blueshift and redshift in the peak wavelength, respectively.
The spectra of the QDs are measured using the setup shown in Figure 3.3. A
514 nm continuous wave laser is sent through a dichroic mirror and a 20× microscope
objective with a numerical aperture (NA) of 0.40. The dichroic mirror allows for the
transmission of light with wavelengths below 600 nm, but reflects light with greater
wavelengths. The 514 nm laser beam is focused onto the sample and excites the QDs.
The beam size at the focus of the objective was measured to be 137.5 µm, where the
diameter was considered to be the distance between 10% and 90% transmission via a
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Figure 3.3: The experimental setup for measuring the spectra of the QDs is shown
on the left hand side. A 514 nm laser is sent through an (optional) half-waveplate,
a dichroic mirror, and a microscope objective onto the sample. Emission from the
excited QDs is collected by the objective and sent through to a cooled spectrometer.
An example of a spectra measurement of CdSe/ZnS QDs is shown on the right.

knife-edge test. Emission from the excited QDs is collected via the same microscope
objective, and sent back towards the dichroic mirror. The dichroic mirror mostly
reflects the QD emission towards the spectrometer path, although some 514 nm laser
light is also reflected. This residual 514 nm light is removed by a highpass filter with
cut-on wavelength of 550 nm. The remaining QD emission light was then incident
on a fiber collimator which sent the collected emission through a fiber and to a
spectrometer. The spectrometer model was the QE-Pro acquired from Ocean Optics
and is thermoelectrically (TE) cooled for high performance and the possibility of long
integration times.
For all experiments, unless otherwise noted, the power used prior to the microscope objective was 1.0 mW. Given the measured beam diameter, this gives an
intensity on the sample of 6.73 W/cm2 . For some experiments, the polarization of
the QD emission is analyzed. This was done by placing a linear polarizer after the
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highpass filter but before the fiber collimator in Figure 3.3. If alteration of the incident laser polarization was desired, a λ/2 waveplate was placed in the setup prior
to the dichroic mirror. To ensure that there was no tilt of the sample under study
in relation to the focused laser spot (i.e., the focused beam was perpendicular to the
sample), the image of the laser spot was observed at the intermediate image plane
behind the objective. When a sample is at focus in finite-conjugate objectives, an
image will form at a distance behind the objective known as the intermediate image
plane. In these experiments, the highpass filter was placed at this plane such that
the reflected laser light from the dichroic mirror formed an image. Then, the distance
from the objective to the sample was altered to make this image appear as a point
(this meant that the objective was at it’s focus). This image point was used to ensure
the sample had no tilt by altering the kinematic mount in which the sample was
placed such that the image point size was constant and unchanging over the entire
sample. Thus, the image formed by the objective on the highpass filter allowed for
the objective to be at focus as well as for the beam to be perpendicular to the sample
across the entire sample. This resulted in constant irradiance of the sample in the
experimental results.
The laser wavelength of 514 nm was chosen to off-resonantly excite the QDs.
As discussed in Chapter 2, by exciting the QDs above the exciton energy, an enhancement of emission can be mostly due to the feedback between the emission of the QDs
and the LSPRs of the MNPs (exciton-plasmon coupling) as opposed to enhancement
by excitation of the laser line.

46

3.3.2

Time-resolved fluorescent lifetime decay measurements of QDs
Time-resolved measurements of QD PL is invaluable to understanding the

influence of local environment or MNPs on the QD exciton decay properties. The
lifetime of a QD is a measure of how long the QD stays in an excited state until
relaxing to the ground state [114]. Knowledge of the lifetime is very valuable as it
can give insight to physical processes such as FRET, SET, or quantum yield, to name
a few. Therefore, by by observing the decay lifetime of the QD, it is possible to obtain
a picture of how many QDs are decaying nonradiatively or radiatively. Furthermore,
by comparing QD decay lifetime on different regions or different MNP structures,
it is possible to draw definitive conclusions on how changes to the QD environment
impact the decay processes. When considered with spectral measurements, timeresolved lifetime decay data give insight into the fundamental processes of the QDs
and is especially useful in exciton-plasmon coupling studies.
It is difficult to measure the fluorescence decay of an emissive entity in a single
measurement electronically due to temporal limitations, weak optical signal, etc [115].
To overcome these difficulties, Time Correlated Single Photon Counting (TCSPC)
can be used. Instead of taking a single measurement of the fluorescence decay, the
TCSPC method works by collecting photons from a vast number of emissive events
and constructing a histogram which represents the decay. A pulsed laser with a high
repetition rate is used to create these emissive events, and in this dissertation a single
photon avalanche diode (SPAD) is used to detect the photons. If the probability
of more than one photon reaching the SPAD detector at once is very low, then the
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distribution of detected photons as a function of the time between excitation and
detection is representative of the fluorescence decay lifetime that would have been
measured in a single-measurement experiment [115].
To make this clear, the TCSPC technique is explained in conjunction with
Figure 3.4. The pulsed laser (represented by the laser diode driver and laser head in
Figure 3.4) sends a laser pulse towards the sample under study. At the same time the
laser emits a pulse, an electronic SYNC signal is sent to the TCSPC timing electronics.
The timing electronics record the time when the SYNC signal was sent, which is used
later in creating the lifetime decay curve. The laser pulse is sent through a neutral
density (ND) filter, which reduces the intensity of the laser pulse. The ND filter(s) is
needed, because if the laser power is too high, overloading of the detector can cause
damage. Furthermore, too many counts per second at the detector can lead to errors
in the lifetime decay measurement, which will be discussed shortly. The laser pulse
excites the QDs on the sample, which decay and emit photons which are collected via
the experiment optics and sent to the detector. The detector can be a photomultiplier
tube (PMT), or as in our case, a SPAD. A cutoff filter is placed in front of the detector
to eliminate the possibility of stray photons from ambient light near the wavelength
of interest into the detector. When the detector registers an event (a photon striking
the detector sensor), an electronic signal is sent to the timing electronics. At this
point, the timing electronics have recorded the SYNC signal (excitation time) and
the detector signal (detected photon time). This completes the physical part of the
experiment; extracting the lifetime decay from this process makes use of a timebinning concept.
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Figure 3.4: The experimental setup of the Time Correlated Single Photon Counting
(TCSPC) method (adapted from [115]). In this dissertation, a single photon avalanche
detector (SPAD) is used in place of the photomultiplier tube (PMT) shown. An
example of the decay lifetime of CdSe/ZnS QDs on a silica substrate is shown in the
plot on the right hand side.

The main role of the timing electronics is to quantify the time delay between
the SYNC signal and the detection signal caused by a photon. This time delay
represents how long the QD was in an excited state before returning to the ground
state and releasing a photon. The timing electronics quantifies the time delay of
thousands to millions of the emissive events per second, and creates a histogram by
binning the time delay. That is, the resulting histogram is a plot of counts per second
as a function of time delay. An example of one such histogram is shown in Figure 3.4
on the right hand side. Here we see a typical lifetime decay of CdSe/ZnS QDs that
were spincoated onto a silica substrate. This decay curve has bi-exponential character,
which can be exposed using curve-fitting techniques. The base resolution (minimum
decay lifetime that the timing electronics can accurately measure) is 25 picoseconds.
Therefore, all lifetime decay measurements in this dissertation are presented with
significant figures to reflect this minimum resolution.
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One experimental error that could result in wrong decay measurements occurs
when the probability of more than one photon reaching the detector at once is greater
than 5%. This is because in detectors such as SPADs, there is an associated “dead
time” in which the detector cannot register another photon. If the probability of more
than one photon per excitation pulse is higher than 5%, then an over-representation
of counts may be displayed during the early part of the histogram [115]. To ensure
single-photon statistics and correct histogram plots, the ND filter is used to decrease
the count rate at the detector to <5% of the excitation (laser) repetition rate.
To obtain decay curves for this work, a pulsed laser is sent through a dichroic
mirror and a 20× microscope objective with an NA of 0.40. The laser pulse is focused onto the sample which is positioned perpendicularly to the optical axis of the
objective. The sample is excited and emits photons which are collected via the same
objective and reflect from the dichroic mirror towards a detector path. The detector
path included mirror flip optomechanics such that the emitted photons can be analyzed by the SPAD or by a TE-cooled spectrometer. The pulsed laser operates at
445 nm and has a minimum pulse width of 52 ps. A repetition rate of 20 MHz was
used unless otherwise stated. The average power is between 0.05 mW and 0.25 mW,
depending on the type of sample being investigated.

3.3.3

Imaging of QDs
Images of QDs are useful to discern their spatial properties (such as separation

from neighboring QDs, i.e., interdot distance) and emission properties such as blinking
behavior. Furthermore, images of QDs provide information on the morphology of the
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spincoated films used in this dissertation. For example, observing the surface of
these films with the EMCCD camera allows for the assessment of the uniformity.
Perhaps the most powerful use of this tool here is for the study of single QDs. Unlike
the spectral or TCSPC experiments, the EMCCD camera images allow us to be
certain we are studying and collecting data for a single QD(s). The sensitivity of
such a camera is needed for single QDs, wherein it may be challenging or impossible
in the spectra/TCSPC experiments. In this dissertation, the images of single QDs
taken allowed for a statistical study of their blinking dynamics as a function of the
concentration and local environment.
Images of QDs were taken using a sensitive electron multiplying charged coupled device (EMCCD) camera. This camera was the iXon Ultra 897 manufactured
by Andor, and has many technical specifications necessary for low-light applications.
A complete listing of these specifications may be found in [116].
The EMCCD camera is placed in an imaging configuration shown in Figure 3.5.
A 514 nm continuous wave laser is sent through a dichroic mirror and 50× microscope
objective with an NA of 0.70. Similar to other experimental setups, the emitted light
from the QDs is collected by the objective and sent back towards the dichroic mirror.
The QD emission is reflected towards the imaging path of the setup. Mirror flip
mounts may be engaged such that the spectra of the emission can be measured with
a spectrometer, or so that the image is formed and detected by the EMCCD camera.
Two spherical lenses are used to increase the magnification of the imaging path such
that the final images have a field of view (FOV) of ∼33µm × 33µm. This FOV was
found using a 1951 USAF resolution test chart. The final optical element before the
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Figure 3.5: The experimental setup used to collect QD images using an EMMCD
camera. A 514 nm laser is sent though a dichroic mirror and a 50× microscope
objective onto the sample. The emission from the excited QDs is collected via the
objective and passed to an imaging path. This imaging path contains filters, lenses
for magnification, and a flip mirror for when spectroscopy measurements are required.

EMCCD camera is a bi-telecentric lens system acquired from Thorlabs. The purpose
of this element is to keep every QD in the depth of field at the same magnification
of the image. In other words, each QD that is imaged onto the camera will have the
same magnification applied to it. This prevents errors in analyzing and interpreting
the images. For example, without the bi-telecentric lens, false identification of a QD
could occur because it is outside the focal plane of microscope objective.
The images collected were saved as 16-bit grayscale images. Since the emission
of the observed QDs was weak (especially for single QDs), image processing was
necessary in order to increase the single to noise ratio (SNR) of the QDs in relation
to the background (See Section 3.4.3). After processing the images, a point on the
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Figure 3.6: The EMCCD camera image on the left shows single QDs on a substrate
with Au, am:Si, and Al oxide. On the right, a plot of the intensity vs. time of three
single QDs is shown.

image could be analyzed over a given period of time. For example, the intensity of a
QD could be plotted as a function of time, as shown in Figure 3.6. In this figure, the
first image in a series of images taken from the sample is shown on the left, and on
the right the intensity of three QDs taken from a similar sample are shown. These
types of plots allow for the observation of blinking in single QDs, as very distinct “on
and off” states are displayed as high and low values of the intensity, respectively.

3.3.4

Extinction of metallic nanoparticle arrays
Extinction measurements are used in order to observe the LSPRs and PLMs

of the fabricated MNP arrays, which are the crucial property in such systems. The
extinction also allows us to view the impact of, for example, adding am:Si to certain
MNP arrays and the generation of PLMs. The extinction cross section σE is usually
defined as:

σE = σS + σA
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(3.2)

where σS is the scattering cross section and σA is the absorption cross section.
Thus, the extinction of an object refers to how much that object scatters and absorbs
light. Experimentally, we will define the extinction as:

E =1−T

(3.3)

where T is the transmission through the sample being measured in percent
decimal. To find the value of T and thus E, we use the experimental setup shown
in Figure 3.7. A broadband white light source is sent through a linear polarizer and
through a microscope objective. The focused light passes through the sample under
study, and is collected via a fiber collimating lens. The collected light is then sent
to a cooled spectrometer via optical fiber. The software package OceanView (Ocean
Optics, Inc.) is used to subtract the measured transmission from a reference, thus
revealing the extinction.
Often in the current literature, plane-wave illumination of the sample is employed in order to excite the sample with only zeroth-order excitation (no large angles) [83, 117–120]. This prevents higher order excitation from mixing in with the
desired zeroth order extinction to be measured. In our experiments, the microscope
objective illuminates the sample at various angles, and thus allowed for higher order
excitation. However, the sample is also illuminated at the zeroth order (plane wave)
via the optical axis of the microscope. We can approximate the intensity profile of
the output light from the microscope to be Gaussian in the direction of propagation,
which means that the maximum intensity of the output light occurs at the optical
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Figure 3.7: The extinction setup utilizes a broadband white light source that is
directed through a linear polarizer and microscope objective. The light that passes
through the MNP array sample is collected via a fiber collimating lens and passed
through optical fiber to a spectrometer for acquisition. An example of an extinction
measurement of MNP arrays is shown in the plot after the spectrometer.

axis. In our experiments, we ensure that the collection optics are at the optical axis
by measuring the amount of light and positioning the collecting optics at the maximum position. The result is that the microscope and collecting optics are aligned on
the optical axis, and thus the plane wave component (zeroth order) of the extinction
is measured.
This method is valid when the solid angle of the collecting optics is small; if
this angle is too large then higher order modes will be collected as well thus mixing
plane wave with off-axis excitation. To overcome this, we placed the collecting optics
far from the sample, such that the solid angle is small and only light on or very near
the optical axis are collected.
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3.4

Statistical and analytical techniques

The measurements presented as figures in this dissertation are, unless otherwise noted, the average of several measurements such that anomalies and inconsistencies are absent. The raw data from the acquisition instruments such as spectrometers
or detectors are assessed and averaged using MATLAB. Fitting of the decay curves
is discussed in Section 3.4.2, and the statistical analysis of the EMCCD images is
described in Section 3.4.3.

3.4.1

Averaging for spectral, decay, and extinction measurements
The QD spectra was the average of six measurements, unless otherwise noted.

These six measurements were taken from areas on the sample that were relatively
well spaced from each other. However, the measurements were not far enough from
each other that significant changes in the observed intensity took place due to macro
changes in, e.g. the inherent distribution of material over the sample that occurs
when spincoating. For a typical spincoat, the area of deposited QDs might be 1 cm
× 1 cm in the x̂ and ŷ directions. To take the six measurements, the center of the
spincoat area would be found, and then the measurements would be taken ∼2 mm
apart from each other in both directions.
For the TCSPC data we used the average of three measurements. In a similar
fashion to the spectra measurements, locations that were approximately 2 mm away
from each were chosen from each region investigated. In most TCSPC plots, the
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counts per second will be normalized to one. For extinction measurements, we average
the extinction of all four arrays of the sample.

3.4.2

Bi-exponential fitting of decay curves
To quantitatively find the lifetimes and decay rates of the QDs, the decay

curves obtained from the TCSPC experiment were normalized to one. Then, MATLAB was used to fit the normalized decay to a bi-exponential curve given by [121,122]:

− τt

y(t) = Ae

f

t

+ Be− τs ,

(3.4)

where A is the amplitude of the fast decay time contribution to average lifetime, τf is the fast decay time, B is the amplitude of the slow decay time contribution
to average lifetime, and τs is the slow decay time. The decay has bi-exponential character due to nonradiative and radiative decay pathways that are present to the QDs.
This is represented by τf and τs , which are the lifetime of the nonradiative and radiative recombination, respectively. The amplitude ratio (A/B) is related to how much
the slow or fast lifetime contributes to the bi-exponential decay curve.
Although the use of a bi-exponential fit of the QD lifetime is standard in the
literature [121–126], this type of fit can also be justified by observing the lifetime
decay when plotted in the logarithmic scale. This is shown in Figure 3.8 for both
linear and logarithmic scales. In Figure 3.8a, a sample with QDs that have a much
higher A than B amplitude is shown with the linear scale. In Figure 3.8b, the log
plot of the same data shows that a mono-exponential fit would be sufficient since the
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Figure 3.8: Lifetime decay shown in linear and logarithmic scales for the ordinate
axes. In (a) and (b), the linear and logarithmic scales, respectively, of the lifetime
decay are shown for a sample with a large A/B ratio such that a mono-exponential
fit would be valid. In (c) and (d) the linear and logarithmic scales, respectively, are
shown for a sample with similar A and B amplitudes, where a bi-exponential fit would
be appropriate.

curve can be described closely by one slope value. In Figure 3.8c a linear plot of QD
lifetime decay where the A and B amplitudes are similar is shown. In Figure 3.8d, the
log plot reveals a bi-exponential character of the decay, where a single slope cannot
accurately describe the curve. In this dissertation, the bi-exponential fit is used in
all cases where the A and B amplitudes are of the same magnitude. When A and
B are drastically different (e.g., when A/B is a large number such as 100), then a
mono-exponential fit may be used. In these cases, the logarithmic plot accompanies
the data to validate its use.
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3.4.3

Image processing and analysis
The raw 16-bit grayscale images collected by the EMCCD camera were image

processed in ImageJ software. The captured images were loaded into a stack, and
then the pixel values of the images were normalized. The normalization of the pixels
causes the lowest and highest pixel value to be mapped onto the full range of the
display (e.g., a computer screen), such that the contrast is greatly increased. After
normalization, a Gaussian blur filter is applied to the images with a pixel radius of 2.0.
Generally speaking, the Gaussian blur reduces noise in the background of the image
at the cost of high spatial frequencies; i.e., the fine detail of the image is lost. After
the Gaussian blur, the “sharpen” function in ImageJ is applied twice to the images.
The sharpen function enhances the higher spatial frequencies in the images, which
can counter some of the losses in detail that were applied when using the Gaussian
filter. The resulting images have high contrast with background noise reduction.
The statistical technique used to analyze QD emission intensity was based on
images of the samples captured by the EMCCD camera. The camera is programmed
to take a time-lapse measurement consisting of 400 images of the region taken 1.0 sec
apart. To analyze the images quantitatively, we choose 40 “spots” in the captured
images and analyze those over the entire set of 400 images (i.e., over the time span of
400 secs). The spots we choose are features in the image that have the qualities we
would expect to see if a QD was present in the image of an optical imaging system.
These qualities include a diffraction limited spot size of ∼1 µm, and a pixel value (or
intensity) significantly higher than the background intensity in the image. To further
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ensure that a large number of the spots chosen were actually from emitting QDs and
not from, e.g., artifacts in the image, we chose a large population (40) of spots. Once
the spots have been chosen, we calculate the standard deviation and mean intensity of
the spots. Then, to quantitatively describe how the material layer structure impacts
the photoluminescence of the nearby QDs, we consider the coefficient of variation
(Cv ) given by:

Cv =

σ
,
µ

(3.5)

where σ is the standard deviation of the intensity over time, and µ is the
mean of the intensity over time. The Cv describes how much the spots fluctuated in
intensity, in relation to the average intensity of the spot.

3.5

Conclusion

The two types of structures studied are (i) silica substrates with regions of
various material layers and (ii) silica substrates with MNP arrays. In both types of
sample structures, QDs are spincoated to deposit a thin layer directly on the structure.
The QDs and the local environment (or MNPs) are then within nanometers from each
other and the sample can be tested using optical experiments. The four main types
of observations in this dissertation are spectral, time-resolved lifetime decay, images
(PL intensity), and extinction. To make these observations, various configurations
were setup that allowed data acquisition and subsequent numerical analysis with
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MATLAB. To make sure the data is reliable, averages were taken and statistical
techniques were applied.
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CHAPTER 4

EXCITON DYNAMICS NEAR DIELECTRIC, METAL, AND METAL
OXIDE STRUCTURES

4.1

Overview

The first step on the path to designing exciton-plasmon systems with the
PMDJ is a material study on the optical properties of QDs in relation to am:Si, SiO2 ,
Al oxide, and Au. This study benchmarks the exciton interaction with these materials and provides a foundational platform by which to understand the requirements
for efficient exciton-plasmon coupling. This chapter provides the correlated impacts
of these materials on the QD dynamics, which ultimately influence the design characteristics of the PMDJ. The framework of this study is intended for us to obtain an
understanding of the QD photoluminescence dependence on the local environment.
The surrounding enviroment of the QDs has a strong influence on the photoluminescence properties such as brightness, wavelength, radiative decay lifetime, and
others. One material that can strongly dictate these properties is Au. There are numerous studies on how Au impacts QD emission and radiative decay rate through its
plasmonic field, for example. The photoluminescent alteration due to this plasmonic
field is dependent on the separation distance between the Au and QDs; therefore, in
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this dissertation we study several QD-Au separation distances which is achieved by
using a dielectric spacer. The use of dielectrics in this study is for more than QD-Au
separation, however. In the case of am:Si and SiO2 , the QD emission intensity and
decay lifetime respond very differently which we will see is largely due to the number
of material defects available to the QDs. Consequently, tuning the properties of these
dielectrics (like thickness) offer a means to control the photoluminescence of QDs.
QD photoluminescence may also be largely affected by the presence of metal oxides,
as recently shown by Sadeghi et al. [6] and Patty et al. [5]. Of particular interest is
Al oxide, which has been shown to drastically increase the emission intensity of QDs
over time by a mechanism called photoinduced fluorescent enhancement (PFE) [5].
In the first sections of this chapter, the dielectric and Al oxide characteristics
are elucidated and we find that, depending on the thickness and type of the dielectric,
the Al oxide can drastically alter the interplay between the exciton, defect sites, and
surrounding environment. Specifically, the addition of a thin layer of Al oxide can
strongly change the impact of am:Si on the emission dynamics of QDs by balancing the intrinsic near band emission and fast trapping of carriers. In this case, the
am:Si/Al oxide charge barrier can lead to large variation of the radiative lifetime of
QDs and control of the photo-ejection rate of electrons in QDs. In the next sections,
the am:Si is combined with Au to form a metasubstrate that exhibits high QD emission efficiency with very short lifetime decay. By implementing a layered structure of
am:Si sandwiched between two Au layers, the balance between plasmonic near field
enhancement and energy transfer of the QDs has been shifted. This unique combination of high emission efficiency and fast lifetime decay (which is usually deemed
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a tradeoff in QD-plasmonic systems) is made possible by the simultaneous effect of
FRET to the top Au layer and the plasmonic field enhancement afforded by the bottom Au layer. The correlated impact of these four materials (am:Si, SiO2 , Al oxide,
and Au) offer us several means to tailor exciton-plasmon systems, and understanding
how these materials synergize together is crucial to the PMDJ.

4.2

Dynamics of QD excitons in the presence of a dielectric/Al oxide
charge barrier

SiO2 is also known as silica and is one of the most common materials in optical
applications due to it’s transmission transparency in the visible and near-infrared
range. As the name suggests, am:Si is silicon with amorphous crystalline structure.
Silicon is used extensively in microelectronics due to it’s abundance and ideal bandgap
energy, among other reasons. Am:Si has a refractive index of ∼4.5 at 600 nm [127],
relatively higher than that of ∼1.52 for SiO2 at the same wavelength. The main
attribute of these dielectrics that influence QD photoluminescence are their associated
material defects. The amount of defects offered by each dielectric is different, and
furthermore, the thickness of the dielectric determines how many defects are available
to the QDs. Thus, these dielectrics act as a component to control the dynamics of
excitons, and their energy gap alignment with the QDs (in the case of am:Si) can be
used for designing structures such as the PMDJ.
The role of metal oxide interaction with dielectrics such as crystalline silicon
has been studied before. In this section, the aim is to go beyond the current understanding and learn how the charge barrier introduced by the metal oxides modify the
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interplay between am:Si and SiO2 defects and the exciton dynamics. The goal is to
understand the electron kinetics of such dielectric/metal oxide junctions; for example,
how the excitons decay under varying levels of available defects. Importantly, we investigate how effective the field effect introduced by the charge barrier is in repelling
charge carriers (such as electrons) from escaping the QD to defect sites in the dielectrics underneath the Al oxide. In addition to this, a further goal is to understand
how the dielectric composition (am:Si vs. SiO2 ) and their associated bandgap, for
example, impacts the exciton dynamics in the presence of the dielectric/metal oxide
junction.

4.2.1

Impact of SiO2 , am:Si, and Al oxide on QD photoluminescence
To understand the physics of QD interaction with am:Si, SiO2 , and Al oxide,

samples with thin layers of SiO2 or am:Si were fabricated by sputtering them onto
silica substrates. Note that the sputtered SiO2 and the silica substrate are essentially
the same material, but the fabrication processes and purity of the two are different.
The thickness, d, of the SiO2 was varied from 0 nm to 25 nm, whereas the d of the
am:Si was varied from 0 nm to 40 nm. The thickness of Al oxide also varied from 0 nm
to 8 nm. A solution of CdSe/ZnS QDs in toluene is then spincoated onto the samples
and the emission and lifetime are collected. The wavelength of maximum intensity
(λpeak ) of these QDs was 636.9 nm. In order to compare QD emission directly between
the dielectric and dielectric/Al oxide structures, samples were fabricated such that
half of the substrate contained dielectric and the other half contained the dielectric
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Figure 4.1: The samples used to test QD emission and lifetime decay on dielectric
and dielectric/metal oxide materials are shown in a top view (a) and a side view (b).
The QDs are shown conceptually as spincoated on top of the material layers in the
side view, where the distance d of the dielectric is varied.

and Al oxide. A top view showing the two halves is shown in Figure 4.1a, whereas a
cross-sectional side view of the sample is shown in Figure 4.1b.
In Figure 4.2a, the emission intensity of the QDs at λpeak for am:Si and
am:Si/Al oxide is shown as a function of the am:Si thickness d, along with the error of
the measurements. The error for some measurements is small such that the error bars
may not appear to be present. The mean value and standard error in these measurements for am:Si were 1512.65 ± 26.13, 813.16 ± 26.68, 455.62 ± 20.38, 308.85 ± 5.80,
326.17 ± 5.78, 175.12 ± 2.17, 127.80 ± 5.18, and 108.77 ± 3.09 for 5 nm to 40 nm
am:Si thickness, respectively. For the am:Si/Al oxide, the standard error was 598.22
± 18.81, 442.44 ± 16.06, 245.69 ± 10.68, 198.52 ± 5.43, 162.03 ± 3.87, 105.34 ± 2.96,
116.70 ± 1.89, and 98.90 ± 4.86 for 5 nm to 40 nm am:Si thickness, respectively. In
Figure 4.2b, the ratio of emission on am:Si and am:Si/Al oxide is shown as a function
of the am:Si d. Here, the Al oxide had a thickness of 1 nm. The first observation
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Figure 4.2: The QD emission at λpeak for am:Si and am:Si/Al oxide regions is shown
in (a) for varying am:Si thickness. The inset shows the spectra of the QD emission
when on am:Si (black line) and with am:Si/Al oxide (dashed red line), for 5 nm of
am:Si in both cases. In (b), the ratio of QD emission at λpeak of am:Si to am:Si/Al
oxide regions is shown as a function of the am:Si thickness.

from these results was that the emission on both am:Si and am:Si/Al oxide regions
decreased as the am:Si thickness increased. Furthermore, it was observed that as the
d of am:Si increased, the ratio of emission on am:Si to am:Si/Al oxide decreases to
nearly unity at a d of 40 nm. This decrease in ratio appears sublinear as seen in
Figure 4.2b, where a linear fit has been applied to the ratio.
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To further understand how the thickness of am:Si impacts QD PL properties,
the decay lifetime for the am:Si sample is displayed in Figure 4.3. This plot shows
that the lifetime decreases as the d increases. We use Equation 3.4 to fit these decay
curves and find that the values of the slow lifetimes, as well as the standard error,
are as follows: 22.002 ± 0.194 ns, 21.359 ± 0.312 ns, 21.351 ± 0.320 ns, and 29.934
± 2.318 ns for the increasing am:Si thicknesses, respectively. For the fast lifetime,
these values were 5.278 ± 0.085 ns, 4.972 ± 0.074 ns, 4.442 ± 0.067 ns, and 3.734 ±
0.121 ns for the increasing am:Si thicknesses, respectively. This overall decrease in
lifetime, along with the decrease in emission as a function of d in Figure 4.2, suggests
that more pathways for nonradiative relaxation of excited QDs exist as the thickness
of am:Si increases. The values found for τf , τs , and A/B are plotted in Figure 4.4(ac). In Figure 4.4a, we see that both As and Af decrease as the thickness of am:Si
increases. This decrease is nonlinear and seems to flatten out at thicknesses of 40
nm am:Si. In Figure 4.4b, the A/B ratio is displayed as a function of thickness,
which gives a sublinear increase as the am:Si thickness increases. This tells us that
the contribution of the fast processes (such as energy transfer to trap or defect sites
in the am:Si) increases with am:Si thickness, i.e., the density of defects increases
with thickness d. Figure 4.4c shows the τf , τs , and τavg of the QDs as a function of
thickness. We observed that the τf decreases slightly with thickness, whereas the τs
increases. The τavg remains fairly flat.
We then add 1 nm of Al oxide back into the picture and measure the decay
lifetime of am:Si/Al oxide samples. By fitting the decay curves, we end up with the
results in the plots seen in fig.(a0 -c0 ). We again note that the increasing thickness
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Figure 4.3: The normalized decay lifetime of QDs at λpeak is shown for varying am:Si
thicknesses of 5 nm to 40 nm. The arrow shows the evolution of the lifetime as the
am:Si thickness increases.

of am:Si causes both Af and As to decrease as seen in Figure 4.4a0 . However, the
amplitude ratio A/B shown in Figure 4.4b0 appears to fluctuate around an average
value over all measured am:Si thickness. This suggests that the number of defect
sites available to the QDs remains similar even at thicker am:Si layers, in contrast
to the case when no Al oxide was present (Figure 4.4b). This is shown by applying
a linear fit to Figure 4.4b0 , which has a slope of nearly zero. In Figure 4.4c0 , the τf
stays constant over the am:Si thickness, but the τs increases linearly. This results in
the τavg also increasing linearly with am:Si thickness.
The results of Figures 4.2, 4.3 and 4.4 give us insight into how am:Si and the
combination of am:Si/Al oxide impact QD PL. First we consider just the case when
am:Si is present. As the thickness of the am:Si increases, a few notable observations
are made: (i) the emission intensity decreases, (ii) the τf decreases while τs increases,
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Figure 4.4: The amplitudes, amplitude ratio, and decay lifetimes are shown in (ac), respectively, for am:Si samples as the am:Si thickness increases. In (a0 -c0 ), the
same parameters are shown but for am:Si/Al oxide samples as the am:Si thickness
increases.

and (iii) the amplitude ratio A/B increases. These three observations strongly suggest
that nonradiative processes become much more efficient while the radiative efficiency
becomes inefficient. The major nonradiative process available to QDs near the am:Si
is via energy transfer to am:Si defect sites. The other major nonradiative decay that
could occur in excited QDs in these structures is due to Auger processes, wherin
excited QDs may lose an electron to surface defects local on the QD [37, 38]. Since
the QD surface defects are dependent on the fabrication and not the environment,
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the nonradiative decay rate due to Auger processes should be similar across all am:Si
thicknesses. Thus, the increase in nonradiative decay rate and shortening of τf is
due to the increased amount of defect sites available to the QDs because the amount
(thickness) of am:Si increases. The increase in τs as the am:Si thickness increases
suggests that the radiative decay rate decreases, which is supported by the decreased
emission intensity shown in Figure 4.2.
Adding Al oxide paints a different picture for the QD PL. Notably, in Figure 4.4b0 , the linear fit of the amplitude ratio A/B is very close to zero. This means
that Af and As decrease similarly as the thickness of the am:Si increases. This suggests that the Al oxide does shield the QDs from the impact of am:Si since the A/B
ratio remains similar across am:Si thickness, but that the Al oxide introduces some
of it’s own defect sites since this ratio remains relatively high. We also observed that
the τs increases by almost 2 times as the am:Si thickness increases. This could be
due to the fact that at silicon and Al oxide interfaces, a negative fixed charge may be
present [128, 129]. This negative charge density at the interface can impede the ejection of electrons from the QDs to the am:Si layer. Furthermore, the negative charge
may enhance the radiative lifetime of the QDs since they are in close proximity.
To see how SiO2 compares to am:Si, we repeat the above tests but replace
the am:Si with SiO2 . We show the emission of QDs at λpeak for the samples with
varying d of SiO2 in Figure 4.5. Here we note that the increase in SiO2 thickness
does decrease the QD emission like the am:Si did, however, this decrease is much less
dramatic (Figure 4.5a). Furthermore, in samples with SiO2 /Al oxide, we observe that
increasing the thickness of the SiO2 actually causes the emission to increase slightly.
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The ratio of QD emission on SiO2 over SiO2 /Al oxide decreases linear up until ∼20
nm, at which point it levels off.
The lifetime parameters for the SiO2 and SiO2 /Al oxide samples are shown in
Figure 4.6 as a function of the SiO2 thickness. In Figure 4.6a we see that A and B
both decrease as the thickness of SiO2 increases. However, the ratio of A/B remains
relatively constant, suggesting that the contributions by the fast and slow processes
remains similar. The A/B ratio is less than one for all SiO2 thickness values, which
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Figure 4.6: The amplitudes, amplitude ratio, and decay lifetimes are shown in (ac), respectively, for SiO2 regions as the SiO2 thickness increases. In (a0 -c0 ), the same
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also suggests that radiative recombination is more dominant than nonradiative decay
processes. In Figure 4.6c, we see that the τf remains constant over SiO2 thickness, but
that the τs increases. This explains why the emission of QDs increases on SiO2 in Figure 4.5; even though the amplitude ratio A/B stays below one, the τs increases which
reduces emission. The longer τs means a slower decay rate which yields decreased
emission intensity.
Next we test samples with increasing thickness of SiO2 and 1 nm of Al oxide
in SiO2 /Al oxide samples. The results can be seen in Figure 4.6(a0 - c0 ). We can
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immediately see that the introduction of Al oxide increases the A dramatically, while
decreasing the B simultaneously. In other words, adding Al oxide to SiO2 greatly
increases the nonradiative contributions to the QD decay. The ratio of A/B is shown
as the SiO2 thickness increases in Figure 4.6b0 , where this ratio starts out very high
at ∼20, and decreases sublinearly to ∼5 at a thickness of 25 nm. In contrast to
Figure 4.6c, we see that the τf slightly increases with SiO2 thickness, but the τs
slightly decreases in Figure 4.6c0 . The results of Figure 4.6(a0 -c0 ) explain the increase
of emission on SiO2 /Al oxide samples in Figure 4.5, where this increased emission is
due to the decrease in A/B ratio in conjunction with the slightly decrease of τs .
From the SiO2 and SiO2 /Al oxide samples, it seems that the number of defect
or trap sites in the SiO2 does not increase significantly as the thickness increases, as
was the case for am:Si samples. The constant A/B ratio for SiO2 samples and the
slight increase in τs suggest that more are present, as does the decrease in emission.
The Al oxide dramatically alters this picture, as it introduces many defect sites as
evident by the high A/B ratio and decreased emission intensity. However, as the
thickness of SiO2 increases, it appears that the impact of Al oxide can be somewhat
nullified, and the emission actually increased slightly, although it never fully recovers
over the thicknesses studied here.
We then explore the impact of the thickness of the Al oxide layer in am:Si/Al
oxide samples. In Figure 4.7a, the emission of QDs on am:Si/Al oxide samples are
shown. Here, the am:Si layer is 15 nm while the Al oxide thickness is varied from 0
nm to 8 nm. We observed that, after a small initial increase in emission, the emission
decreases to a minimum at 2 nm of Al oxide and then very slightly increases until
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8 nm. The lifetime of QDs on these samples is shown in Figure 4.7b, where the
results are consistent with the emission intensity. We note that the lifetime is slightly
increased going from 0 nm to 0.5 nm of Al oxide, which correlates with the slight
increase in emission intensity in Figure 4.7a. Going from 0.5 nm to 4 nm of Al oxide,
the lifetime decreases. At 8 nm of Al oxide, the lifetime shows an increase, consistent
with the slight increase in emission at 8 nm. The increase in emission from 4 nm to
8 nm could be due to the formation of both Al and Al oxide, wherein the Al layer
is optically reflective and can increase emission of the QDs while also isolating them
from the am:Si layer and it’s defects.

4.2.2

The impact of other metal oxides on QD photoluminescence
To observe the effect of other metal oxides, the Al oxide layer was replaced

by either chromium (Cr) oxide, copper (Cu) oxide, or silver (Ag) oxide. For these
samples, we use an am:Si layer with thickness of 25 nm and a 1 nm oxide layer. In
Figure 4.8, the emission spectra of QDs on the respective samples are shown. From
this, we observe that Cr oxide reduces the emission of QDs to approximately 1/4 of
the value when just am:Si is present (Figure 4.8a). In samples with Ag oxide and Cu
oxide, this reduction is much greater, with the emission becoming indistinguishable
from the noise level (Figure 4.8(b and c)). This suggests that the nonradiative decay
rate must be extremely dominant over the radiative decay.
To confirm this, lifetime measurements of the QDs on these samples is shown
in Figure 4.9. For reference, the decay is shown for the am:Si region in Figure 4.9a,
with corresponding τf , τs , and A/B of 3.96 ns, 27 ns, and 5.4, respectively. On the
75

500
Emission (a.u.)

(a)
400
300
200
100
0

Normalized photon counts

0

2

4
6
Al ox. thickness (nm)

1

15 nm Si
15nm Si/0.5 nm Al
15nm Si/1 nm Al
15nm Si/2 nm Al
15nm Si/4 nm Al
15nm Si/8 nm Al

0.75
3
1

0.5

8

2

0.25
5

0

4

(b)

6

0

10

20
Time (ns)

30

40

Figure 4.7: The QD emission at λpeak on 15 nm of am:Si as a function of the Al
oxide thickness (a). In (b), the decay lifetime is shown for 15 nm of am:Si and varying
thickness of Al oxide. The increasing numbers correspond to increasing thicknesses
of Al oxide.

Emission (a.u.)

400
300

(a)

Si
Si/Cr

400

400

(b)

Si
Si/Ag

300

300

200

200

200

100

100

100

0

0

0

400

600

800

Wavelength (nm)

400

600

800

Wavelength (nm)

400

(c)

Si
Si/Cu

600

800

Wavelength (nm)

Figure 4.8: The emission spectra of QDs near 25 nm of am:Si and 1 nm of Cr oxide
(a), Ag oxide (b), and Cu oxide (c). The black curve is QD emission on the am:Si,
whereas the red dashed curve is the emission on am:Si/metal oxide.

76

Normalized photon counts

(a)

1

τ f =3.96 ns

0.75

25nm Si 1nm Cr
τ f =1.09 ns

0.75

τ s=27 ns

τ s=113 ns

Af /As=5.4

0.5

Af /As=40

0.5
0.25

0.25

0

0
0

Normalized photon counts

(b)

1

25nm Si

10

(c)

1

20

0

30

25nm Si 1nm Ag

10

(d)

1

30

25nm Si 1nm Cu
τ f =1.08 ns

τ f =0.57 ns

0.75

20

τ s=619 ns

τ s=1150 ns

0.75

Af /As=1.2

Af /As=0.58

0.5
0.5
0.25
0

10

20

30

Time (ns)

0

10

20

30

Time (ns)

Figure 4.9: The lifetime decay of QDs near am:Si (a), am:Si/Cr oxide (b), am:Si/Ag
oxide (c), and am:Si/Cu oxide (d). The thickness of the am:Si in all cases is 25 nm,
whereas the metal oxide thickness is 1 nm.

am:Si/Cr oxide region, we find a much different story. Here, the τf , τs , and A/B
are 1.09 ns, 113 ns, and 40, respectively. This shows that the fast decay rate has
increased significantly, while the slow decay rate has increased significantly. At the
same time, the A/B ratio has incrased from 5.4 to 40. These changes in τf , τs , and
A/B suggest much faster and efficient nonradiative decay, and is confirmed by the
emission intensity of Figure 4.9a. The efficiency of the nonradiative decay is even more
dramatic in samples with Ag oxide and Cu oxide. For Ag oxide (Figure 4.9b), the τf ,
τs , and A/B are 0.57 ns, 619 ns, and 1.2, respectively. For Cu oxide (Figure 4.9c),
the τf , τs , and A/B are 1.08 ns, 1150 ns, and 0.58, respectively. The values for τf
are much less than in the am:Si case, and the τs is immensely longer. These results
suggest that the nonradiative decay is very dominant in Ag oxide and Cu oxide, which
results in no detectable emission intensity.
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4.3

Ultrafast emission decay with high emission efficiency of quantum
dots in plasmonic-dielectric metasubstrates

A key area of QD-material study is the interaction of QDs with metals due to
their plasmonic features. In this section, we aim to understand how am:Si and Au
can be used to exploit beneficial mechanisms of the QD excitons. The objective is
to understand how the QDs decay through mechanisms like FRET in the presence of
am:Si, and how the current tradeoff between high emission efficiency and fast decay
lifetime can be mitigated through creative sample design. By analyzing quantities
such as the back-scattering and extinction of the Au, in this section we elucidate the
exciton dynamics of QDs when in the presence of different types of metal/dielectric
junctions such as Au/am:Si and Au/am:Si/Au. In terms of the PMDJ, the goal of
this section is to understand how the QD photoluminescence in the presence of the
Au and am:Si junction is impacted by parameters such as separation distance and
thickness of the Au.

4.3.1

Influence of the underlying base gold layer
To test the impact of an Au layer on the QD dynamics, we fabricated sam-

ples onto silica substrates using a masking method and sputter tool with the same
method as in the previous sections. This allowed the substrate to be divided into
four regions of equal area, with each region consisting of a unique combinations of the
Au and am:Si. These regions include the following combinations: am:Si, am:Si/Au,
Au/am:Si, and Au/am:Si/Au. A cross-sectional side view of the Au/am:Si/Au region
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Figure 4.10: A cross-sectional side view of the samples used to test QD emission
and lifetime decay on Au/am:Si/AuD structures.

is shown in Figure 4.10. The nominal thickness of the Au base layer was 40 nm, while
the am:Si had a thickness of either 5 nm or 25 nm. The top layer of Au nearest to
the QDs had variable thicknesses of 0.5 nm, 2 nm, and 4 nm. We denote this layer
as AuD , where D is the thickness in nm. CdSe/ZnS QDs were diluted in toluene to a
concentration of 1.20×1012 QDs/µL before spincoating onto the samples. The same
experimental setups were used to collect the emission spectra of the QDs; we used
a setup in which a 514 nm CW laser passes through an objective and irradiates the
sample at the focus of the objective. Light emitted from the excited QDs is collected
via the objective and sent to a dichroic mirror, which sends the light from the QDs
towards a spectrometer. The decay lifetime of the emission is measured using Time
Correlated Single Photon Counting (TCSPC) techniques, in which case the QDs are
excited via 445 nm laser.
To present the results, we fit the decay of the emission to the bi-exponential
decay curve as we have done in the previous sections. We first demonstrate how
the separation between QDs and the sputtered Au impacts the emission decay and
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Figure 4.11: The emission of QDs on 40nm Au and 5 nm am:Si regions are shown
in (a), with the corresponding lifetime decay shown in (b). Regions with 40 nm Au
and 25 nm am:Si exhibit the emission and decay shown in (c) and (d), respectively.
Line 1 refers to the am:Si regions, whereas line 2 refers to Au/am:Si regions.

intensity by fabricating samples with a 40 nm Au layer and then separating the QDs
from this Au by 5 nm of am:Si. In Figure 4.11a and Figure 4.11b the emission and
decay, respectively, of the QDs on the am:Si and Au/am:Si regions is shown. We see
that the emission near the 40 nm Au is reduced to 52.4% of the am:Si region. From
Equation 3.4, we find that for QDs near the Au layer the τf is reduced from 5.265 ns
to 3.575 ns and the τs is reduced from 21.963 ns to 15.666 ns. Furthermore, the A/B
is 1.18 when Au is absent, but 4.98 when Au is present. The reduction in τf coupled
with the increase of A/B indicates SET from QDs to the Au plasmons. In this case,
shorter lifetime is achieved at the cost of reduced emission of the QDs.
There is a significant impact on the emission and decay when the am:Si thickness is increased to 25 nm as shown in Figure 4.11c and Figure 4.11d. We observe
that when 40 nm Au is present the emission is now enhanced by 16.6 times, and that
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the τf has decreased from 4.230 ns to 3.720 ns. The τs has decreased from 24.740 ns to
14.718 ns. The A/B for when Au is absent and present is 4.18 and 4.30, respectively.
This negligible change in A/B suggests that the SET from QDs to Au is decreased
compared to the 5 nm am:Si case. The decrease in SET is most likely due to the d−4
dependence between the Au and the QDs as reported by ref. [130]. This decrease in
SET allows the plasmonic near field of the Au layer to greatly enhance the emission of
the QDs. The lifetime of the QDs on the am:Si and Au/am:Si layer are now similar.
We also note that for 25 nm am:Si, the lifetime for the QDs is shorter than when
5 nm am:Si was present (line 1 in Figure 4.11b and Figure 4.11d). This could be
due to the increased amount of am:Si defect sites available to the QDs, which leads
to faster nonradiative decay. Figure 4.11 highlights the tradeoff between emission
enhancement and reduction in decay.

4.3.2

Influence of the top gold layer
This tradeoff is further illuminated by adding an Au0.5 top layer to the 25 nm

am:Si samples. In all following samples, the am:Si thickness is 25 nm. In Figure 4.12a,
we display the emission on three regions; am:Si (line 1), am:Si/Au0.5 (line 2), and
Au/am:Si/Au0.5 (line 3). We find from Figure 4.12b that for the am:Si region, the
τf and τs is 4.651 ns and 23.872 ns, respectively, while the A/B is 2.48. For the
am:Si/Au0.5 region, the τf , τs , and A/B are 443 ps, 430 ns, and 16.60, respectively.
It is clear from the emission and decay characteristics that the Au0.5 strengthens and
makes energy transfer to the Au0.5 the dominant decay channel, which causes fast
decay and nearly completely darkens the emission.
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Figure 4.12: The emission of QDs on the am:Si (line 1), am:Si/Au0.5 (line 2), and
Au/am:Si/Au0.5 (line 3) regions is shown in (a), while the lifetime decay of these
regions is shown in (b).

The tradeoff is overcome when the base Au layer is present in the Au/am:Si/Au0.5
region. Here, we observe that the emission is boosted back to almost the same level as
the QDs on am:Si (Figure 4.12a, line 3). We find that the τf for the Au/am:Si/Au0.5
region is 416 ps, the τs is 63.091 ns, and the A/B is 106.9. This suggests that the τf
processes are similar in am:Si/Au0.5 and Au/am:Si/Au0.5 regions, but that the radiative rate with 40 nm of Au is enhanced by ∼6.8 times. We note that the A/B is quite
high, such that most of the decay is due to the nonradiative processes. Thus, a monoexponential fit may be applied in which we obtain a decay lifetime (τ ) of 432 ps (the
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Figure 4.13: A logarithmic scale of the lifetime decay of QDs with Au/am:Si/Au0.5
structure.

decay in logarithmic scale is shown in Figure 4.13, where the curve can be sufficiently
described by a single slope value). The crowning feature of the Au/am:Si/Au0.5 region
is that it allows the plasmonic near field of the 40 nm Au base layer to boost emission
back to comparable levels of am:Si while simultaneously keeping an extremely short
τ (∼432 ps). The inset of Figure 4.12b shows the decay of all three regions of this
structure and highlights the short decay of am:Si/Au0.5 and Au/am:Si/Au0.5 regions.
To discuss the results, we investigate the role of the AuD by fabricating samples
with various thicknesses D. In Figure 4.14a, the emission is shown for regions of
am:Si (line 1), am:Si/Au2 (line 2), Au/am:Si/Au0.5 (line 3), Au/am:Si/Au2 (line 4),
and Au/am:Si/Au4 (line 5). We observe that emission on am:Si/Au2 is ∼3.0% of
the am:Si region. For Au/am:Si/Au0.5 , Au/am:Si/Au2 , and Au/am:Si/Au4 regions,
the emission has decreased to ∼80.0%, ∼25.0% and ∼37.0% of the am:Si region,
respectively. In Figure 4.14b, the decay is shown for am:Si/Au2 (line 1), am:Si/Au4
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Figure 4.14: The emission of QDs is shown in (a) for the am:Si (line 1), am:Si/Au2
(line 2), Au/am:Si/Au0.5 (line 3), Au/am:Si/Au2 (line 4), and Au/am:Si/Au4 (line
5) regions. In (b), the QD decay is shown for the am:Si/Au2 (line 1), am:Si/Au4 ,
Au/am:Si/Au0.5 (line 3), Au/am:Si/Au2 (line 4), and Au/am:Si/Au4 (line 5) regions.

(line 2), Au/am:Si/Au0.5 (line 3), Au/am:Si/Au2 (line 4), and Au/am:Si/Au4 (line 5)
regions. We use a monoexponential fit on the decay curves for Au/am:Si/Au0.5 (line
3), Au/am:Si/Au2 (line 4), and Au/am:Si/Au4 (line 5) to find lifetimes of 432 ps, 321
ps, and 292 ps, respectively. An important observation in Figure 4.14a is that for
Au/am:Si/AuD regions, the peak emission intensity is the highest in Au0.5 samples
(line 3), followed by Au4 (line 5), and then Au2 (line 4).

84

To explore this further, we show SEM images of the AuD as well as the 40 nm
Au layer in Figure 4.15(a-d). We observe that at Au0.5 , Au2 , and Au4 , there are very
small islands (∼6 nm in diameter), larger islands, and contiguous islands, respectively,
while the 40 nm Au has a rough texture. In Figure 4.15(a0 -d0 ), the extinction and
scattering of these Au layers are shown. The emission dynamics in the metasubstrates
can be explained as a balance between FRET to the AuD and the amount of screening
of the plasmonic field from the 40 nm Au. For the Au0.5 , the formation into very small
nanoislands results in weak or nonexistent plasmonic field enhancement, as evidenced
by the zero scattering in the inset of Figure 4.15a0 . However, the plasmonic peak
in the extinction and the fast decay time of 432 ps suggests that these nanoislands
act as centers for FRET, which reduces the emission greatly in the absence of the
40 nm Au layer. The reason that the emission in Au/am:Si/Au0.5 recovers could
be because the nanoislands are small and surface coverage is not complete, which
results in insignificant screening of the plasmonic field caused by the 40 nm Au.
This plasmonic field reaches the QDs and enhances their emission back to levels of
QDs on am:Si. For the Au2 , the nanoislands are larger and still exhibit a plasmonic
peak in extinction. The lifetime decay of 321 ps suggests faster nonradiative decay
via FRET, which reduces the emission compared to the Au0.5 case. Furthermore,
the larger nanoislands and coverage effectively screens the plasmonic field of the 40
nm Au. For these reasons, the emission on the Au/am:Si/Au2 layer is the lowest
as seen in line 4 of Figure 4.14a. Finally, the Au4 appears to slightly boost the
emission while keeping a similar lifetime (292 ns) to the Au2 layer. We believe the
slightly enhanced emission in Au4 is due to the increased scattering (plasmonic field)
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Figure 4.15: The SEM images of the AuD layers is shown in (a-d), and the extinction
of these layers is shown in (a0 -d0 ). The scattering of these layers is shown in the insets
of the corresponding extinction plots. The scale bar in the images is 200 nm.

in this layer, as seen in the inset of Figure 4.15c0 . This increased plasmonic field
slightly enhances the emission above that of Au2 . We note in the 40 nm Au layer
(Figure 4.15d and Figure 4.15d0 ), that the extinction is much higher and that there
is a large scattering. The rough texture seen in the SEM image suggests that the
plasmonic field enhancement is mostly due to LSPR nature as opposed to surface
plasmons (SPs) of the Au.
In this section, we have studied the influence of Au and am:Si structures on
spincoated QDs. It was shown how the Au/am:Si/AuD structure can simultaneously
provide ultrafast (432 ps) decay lifetime with insignificant reduction in emission intensity. This was achieved by balancing the FRET to the top Au layer with the
plasmonic near field enhancement by the 40 nm Au layer. We found that the optimum thickness of AuD in the metasubstrate was 0.5 nm. This optimum thickness
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is related to the morphology of the Au, which influences the amount of FRET and
screening of the plasmonic field by the 40 nm Au layer.

4.4

Conclusions

The results of this chapter suggest that a primary difference between am:Si
and SiO2 is the number of trap sites available and that Al oxide can help decrease the
loss of charge carriers when am:Si is present by the charge barrier it creates at the
am:Si/Al oxide interface. The results also indicate that Au has tremendous influence
on the QD photoluminescence that can manifest itself as either an enhancement or
quenching of emission, depending on the separation distance d. This tradeoff of
plasmonic emission enhancement or quenching due to FRET is well known in the
literature. However, in this chapter we showed how such a tradeoff can be mitigated
by designing a metasubstrate with the Au/am:Si/Au0.5 structure. In this structure,
the FRET to the top nanoisland layer is offset by the plasmonic enhancement of
the bottom Au layer, resulting in minimal sacrifice of QD emission intensity while
maintaining ultrafast decay lifetime.
To design efficient exciton-plasmon coupled systems, understanding the influence of the surrounding environment on the exciton is a prerequisite. This chapter
has aided in our understanding by divulging the QD dynamics in the presence of
am:Si, SiO2 , Al oxide, and Au layers. The results of this chapter, and especially the
charge barrier formed at the am:Si/Al oxide interface, will be used in the final design
of the PMDJ.
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CHAPTER 5

ULTRAFAST EMISSION DECAY AND ENHANCEMENT OF
BLINKING OF SINGLE QUANTUM DOTS IN THE PRESENCE OF
SILICON AND METAL/METAL OXIDE STRUCTURES

5.1

Overview

We continue the theme of studying QD exciton dynamics by transitioning
into the single QD regime. In the previous chapter, ensembles (vast amounts) of
QDs were studied such that QD-QD interaction could take place. This interaction
can result in mechanisms such as the Coulomb blockade occurring or FRET between
QDs, which can influence the exciton dynamics. However, studying ensembles gave
a sufficient baseline by which to understand the overall dynamics of QDs and their
interaction with materials. In this chapter, we deepen and extend this baseline by
investigating single QDs in the context of the same materials. These familiar materials
offer a multitude of different effects, however, that are extruded due to the decreased
interaction of neighboring QDs as the concentration (number of QDs per volume)
decreases. Understanding these effects are important from an applications point of
view, as the QDs will behave differently depending on how many are in the local
vicinity of one another. Studying single QDs is also important to the goal of designing
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exciton-plasmon systems, because as we will see shortly, the interaction between QD
excitons and Au plasmons is dependent on the concentration of QDs.
The objective of this chapter is to analyze the exciton behavior with dielectric,
metal oxide, and Au materials at the fundamental level so that we may apply the
lessons to coupled exciton-plasmon structures. By reducing the concentration of
QDs near the materials in steps, the evolution of the QD dynamics reveals how the
exciton lifetime decay decreases dramatically with decreasing concentration due to the
availability of defect sites available to the QDs. For the case of am:Si, this lifetime
decay becomes extremely short because of the large amount of defects in this material.
When Au is present with am:Si, in contrast to common understandings, the Au layer
not only does not suppress blinking, but rather it can promote this process at the
high concentrations of the QDs. Finally, this chapter presents a statistical analysis
of the results which yields several trends between the concentration, material, and
blinking dynamics.

5.2

Quantum dot photoluminescence dependence on concentration in
spincoated films fabricated on material layers

The QDs used for this chapter are CdSe/ZnS (NN Labs, Inc.) and are diluted
in a mixture of toluene and polymethylaccralate (PMMA). The PMMA is used to
create a uniform distribution of the QDs. At very dilute concentrations, the QDs can
bunch or agglomerate together without the PMMA. We use four concentrations of
QDs: N1 (1.09 × 1011 QDs/µL), N2 (2.18 × 109 QDs/µL), N3 (1.09 × 109 QDs/µL),
and N4 (1.82 × 108 QDs/µL). The material layer combinations of Au, am:Si, and Al
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Figure 5.1: In (a), a top view of the sample is shown with corresponding regions of
material combinations. A cross-sectional side view depicting the N1 and N4 concentration is shown in (b), for the Au/dielectric regions.

oxide were fabricated onto a silica substrate by using the familiar masking method and
a sputter tool as described in Chapter 3. For all experiments, the nominal thickness of
the Au, am:Si, and Al oxide was 40 nm, 5 nm or 15 nm, and 1 nm, respectively. The
QDs were spincoated onto the sample in order to measure the lifetime and blinking
dynamics. In Figure 5.1a, a top view of the material layer combinations is shown to
be divided into four regions, and in Figure 5.1b a cross-sectional side view of the N1
and N4 concentrations is conceptually shown.
The addition of PMMA to the QD solution could alter the emission and decay
dynamics that were found in Chapter 4. To test this, the N1 concentration is spincoated onto two samples; one contained subsrate, substrate/Al oxide, substrate/Au,
and substrate/Au/Al oxide regions, whereas the other sample had am:Si, am:Si/Al
oxide, Au/am:Si, and Au/am:Si/Al oxide regions. The emission and lifetime decay
were then observed for both samples and is shown in Figure 5.2 for the N1 concentration. In Figure 5.2a we see the emission of the QDs on a sample without the am:Si
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layer. This sample was fabricated by depositing the Au and Al oxide layers directly
onto the SiO2 substrate. The emission is the highest when directly on the SiO2 (line
1). The addition of Al oxide reduces the emission as seen by line 2. Although Al oxide
has been shown to passivate surface defects of underlying substrates [131,132], it also
introduces its own defects which can be structural or electronic in nature [133–135].
When Au is present (line 3), there is a large amount of FRET, resulting in greatly
reduced emission. The FRET decay rate (kF RET ) is shown in Figure 5.3 as a channel
from the QD to the rough Au layer as discussed in Chapter 4. The SiO2 /Au/Al
oxide region (line 4) shows increased emission from the QDs, which might be due to
the extra 1 nm of separation caused by the Al oxide layer as well as it’s passivating
capabilities. We observe in Figure 5.2b that regions with combinations of am:Si/Al
oxide, Au/am:Si, and Au/am:Si/Al oxide (lines 2, 3, and 4, respectively) have a significantly reduced emission intensity as compared to the am:Si region (line 1). This
is again because of the defects introduced by Al oxide and the FRET to the Au.
However, Figure 5.2a andFigure 5.2b suggest that the am:Si/Al oxide combination
has more defects than the SiO2 /Al oxide region, as evidenced by the difference in
emission amplitudes (lines 2). For a quantitative understanding, the mean value and
standard error of the emission were computed. For the SiO2 sample emission spectra, these values were 11667.05 ± 495.49, 9534.13 ± 432.60, 1220.96 ± 177.39, and
3856.98 ± 230.70 for SiO2 , SiO2 /Al oxide, SiO2 /Au, and SiO2 /Au/Al oxide regions,
respectively. When the am:Si is present, the values were 8669.96 ± 465.80, 1894.23
± 57.08, 1735.96 ± 9.92, and 2267.62 ± 139.53 for am:Si, am:Si/Al oxide, Au/am:Si,
and Au/am:Si/Al oxide, respectively.
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Figure 5.2: The emission spectra of the QDs on the four regions is shown in (a) for
the sample without am:Si, and the corresponding lifetimes are shown in (a0 ). Likewise,
in (b) the emission spectra is shown for samples with 5 nm of am:Si, and the region
lifetimes are displayed in (b0 ).

Figure 5.3: A conceptual drawing of the FRET decay rate (kF RET ) from the QD to
the rough Au layer on the Au/am:Si region.
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The differences in lifetime between SiO2 and am:Si samples is shown in Figure 5.2a0 and Figure 5.2b0 , respectively. In Figure 5.2a0 we see that the QDs located
directly on the SiO2 (line 1) have the longest lifetime, and that QDs on SiO2 /Al oxide
have a similar but slightly shortened lifetime. This is compatible with the spectra
seen in Figure 5.2a, where the emission of QDs on the SiO2 /Al oxide region is slightly
less due to the introduction of defects. These defects increase the efficiency of nonradiative decay to trap (intermediate) states, resulting in shorter lifetime and decreased
emission intensity. We observe that the lifetimes on SiO2 /Au and SiO2 /Au/Al oxide
(lines 3 and 4, respectively) in Figure 5.2a0 are drastically reduced due to the efficient
FRET from the QDs to the Au. The FRET leads to a dominant decay channel and
thus very rapid lifetime and reduced emission intensity. In Figure 5.2b0 , we see that
the am:Si region has the longest lifetime, and the other regions are much faster. Like
the SiO2 sample, the short lifetime of Au/am:Si and Au/am:Si/Al oxide regions is
most likely due to nonradiative FRET. There is no Au present in the am:Si/Al oxide
region, and thus the lifetime becomes slightly longer. The shorter lifetime of am:Si/Al
oxide region compared to the am:Si region is because the addition of the Al oxide
layer introduces surface defects to the region as mentioned previously. The relatively
shorter lifetime of am:Si/Al oxide compared to SiO2 /Al oxide (lines 2 of Figure 5.2a0
and Figure 5.2b0 ) again suggests that the combination of am:Si/Al oxide introduces
more defect sites than SiO2 /Al oxide. We then computed the mean and standard
error in the lifetime for both cases. For the slow lifetime values in SiO2 samples, we
obtained 31.972 ± 0.268 ns, 29.002 ± 0.355 ns, 6.682 ± 0.301 ns, and 8.473 ± 0.718
ns for the SiO2 , SiO2 /Al oxide, SiO2 /Au, and SiO2 /Au/Al oxide regions, respectively.
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Also in SiO2 samples, we obtained fast lifetimes of 5.787 ± 0.152 ns, 6.085 ± 0.125
ns, 0.834 ± 0.029 ns, and 1.610 ± 0.113 ns for the same regions, respectively. For
the am:Si samples, the slow lifetimes were 24.426 ± 0.193 ns, 15.403 ± 0.185 ns,
5.834 ± 0.359 ns, and 7.888 ± 0.336 ns for am:Si, am:Si/Al oxide, Au/am:Si, and
Au/am:Si/Al oxide, respectively. Finally, for the fast lifetimes the values were 5.822
± 0.123 ns, 2.602 ± 0.017 ns, 1.032 ± 0.018 ns, and 1.467 ± 0.020 ns for the same
regions, respectively. Now that we understand how the QDs in the N1 concentration
with PMMA interacts with am:Si and SiO2 samples, the next step is to alter the
concentration and observe the influence of the material layer structure.

5.2.1

Impact of QD concentration on their lifetime in the presence of Au,
SiO2 , am:Si, and Al oxide
We begin by observing the lifetime decay of QDs when am:Si is absent (Au

and Al oxide deposited directly on SiO2 substrate, as shown in Figure 5.1b without
the sputtered dielectric layer). The lifetime decay collected from these samples will
be evaluated using the biexponential fit (Equation 3.4). The normalized decay of
the QDs for all four concentrations is shown in Figure 5.4(a-d) for SiO2 , SiO2 /Al
oxide, Au/SiO2 , and Au/SiO2 /Al oxide, respectively. In Figure 5.4(a0 -d0 ), the τs ,
τf , and amplitude ratio for these regions are shown as a function of concentration.
The results for the τf , τs , and amplitude ratio indicate that as the concentration of
QDs decreases in the SiO2 region (Figure 5.4a0 ), the amplitude ratio and τf remains
mostly constant but the τs greatly increases. This means that the radiative emission
efficiency decreases as the concentration decreases on the SiO2 . We observed very
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Figure 5.4: Lifetime measurements of the QDs for concentrations N1 through N4 are
shown for the silica (SiO2 ) substrate region (a), SiO2 /Al oxide region (b), SiO2 /Au
region (c), and SiO2 /Au/Al oxide region (d). The τf , τs , and amplitude ratio A/B
are shown in (a0 -d0 ) for the SiO2 , SiO2 /Al oxide, SiO2 /Au, and SiO2 /Au/Al oxide
regions, respectively, as a function of the concentrations N1 through N4.

similar trends in the SiO2 /Al oxide region (Figure 5.4b0 ), suggesting that Al oxide
does not offer much impact on the QD lifetime when used in conjunction with SiO2 .
For regions with an Au layer (Figure 5.4(c0 and d0 )), both the τf and τs are much
faster than when Au is absent. This is due to the efficient decay channels offered up
by the FRET from QDs to the Au layer.
The τf , τs , and amplitude ratio trends are drastically different when 5 nm of
am:Si is present, as shown in Figure 5.5. Similarly, the normalized decay is shown
in Figure 5.5(a-d) for am:Si, am:Si/Al oxide, Au/am:Si, and Au/am:Si/Al oxide,
respectively, while the lifetime parameters are shown in Figure 5.5(a0 -d0 ). On the
am:Si region, we note that the τs increases from 24.426 ns to 61.256 ns when the
concentration decreases from N1 to N4. The τf decreases from 5.822 ns to 0.848 ns
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Figure 5.5: Lifetime measurements of the QDs for concentrations N1 through N4
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respectively, as a function of the concentrations N1 through N4.

over the same QD concentration decrease. The amplitude ratio decreases from 0.9 to
0.7 from N1 to N2, remains close to 0.7 at N3, and then rapidly increases to 1.8 as the
concentration decreases to N4. This means that the τs contributed slightly more up
until N3, at which point the τf begins to be the main contributor to the decay curve
seen in Figure 5.5a (black curve). The shortened decay lifetime as N1 goes to N4
could be because as the concentration decreases to N4, more of the QDs are near the
surface and thus the surface defect sites. Furthermore, as the concentration decreases
to N4, the density of defect sites available to the QDs increases, further shortening
the lifetime.
The QD lifetimes and amplitude ratio for the am:Si/Al oxide region are shown
in Figure 5.5b0 . The τs increases from 15.403 ns to 99.801 ns as the concentration
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decreases, and the τf increases from 2.602 ns to 3.293 ns going from N1 to N3. At
N4, the τf decreases to 1.579 ns. The amplitude ratio is 7.9 for the N1 concentration,
and decreases as the concentration decreases to 1.8 at N4. The decrease in amplitude
ratio with decreasing concentration suggests that less defect sites are available to the
QDs. This highlights the advantageous properties of Al oxide, namely it’s passivating
effect on the am:Si and the prevention of electron ejection to the am:Si via the field
induced by it’s large negative fixed charge.
In Figure 5.5c0 for the Au/am:Si region, we note that the τs increases from
5.834 ns to 14.226 ns as the QD concentration drops from N1 to N4. The τf also
increases slightly as the concentration decreases from N1 to N3, going from 1.032 ns
to about 1.794 ns. At the most dilute concentration of N4, the τf decreases to 1.355
ns, slightly higher than that of N1. The amplitude ratio at N1 is 10.2, and drops off
to about 5.2 at N3. When the concentration is decreased further to N4, the amplitude
ratio increases to 5.4. We note that the main difference when Au is present is that
the lifetimes of both τf and τs are much faster (less than 15 ns), and that the τf
contribution is much higher. At N4, the amplitude ratio is more than double that of
am:Si or am:Si/Al oxide.
Finally, we measure the QD lifetime of N1-N4 on the Au/am:Si/Al oxide
region. The τf , τs , and amplitude ratio parameters are shown in Figure 5.5d0 . The τs
increases from 7.888 ns to 14.662 ns as the concentration decreases from N1 to N4.
The τf remains fairly constant over the same concentration decrease, going from 1.467
ns at N1 to 1.491 ns at N4. The amplitude ratio starts at about 9.2 and decreases
to 7.0 at N3, at which point it begins to increase slowly and is 7.4 at N4. When
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compared to the Au/am:Si region, it’s observed that the addition of Al oxide serves
to keep the τf mostly fixed at a constant value, while slightly increasing the τs (by 2
ns at N1 and 1 ns at N4). Furthermore, the Al oxide seems to increase the amplitude
ratio at concentrations of N2 - N4, meaning that it increases the contribution of τf .
The plots of Figure 5.5 lend us some noteworthy trends. First, as the concentration decreases from N1 to N4, the τs always increases, independent of which region
the QDs were measured on. However, this increase in τs varies depending on the
region. For example, τs increases by 6.4 times for the am:Si/Al oxide region going
from N1 to N4, but only by 1.9 times for the Au/am:Si/Al oxide region. Another
trend is that when Au is present, both the τf and the τs are greatly reduced. This
is due to the efficient FRET from the excited QDs to the Au plasmons, leading to a
reduction in lifetime.
The plots in Figure 5.5 also demonstrate some contrasting physics between the
lifetimes of the QDs in the different regions. The most prominent case is between the
am:Si and am:Si/Al oxide layers. For am:Si, we see that the τs increases from ∼24
ns to 60 ns over the concentrations studied. In contrast, the τs for am:Si/Al oxide
increases from ∼15 ns to 99 ns. Furthermore, the amplitude ratio of am:Si remains
nearly unchanged from N1 to N4, whereas for am:Si/Al oxide, the amplitude ratio
starts high at ∼8 and decreases to 2 at N4. This suggests that Al oxide causes the
bi-exponential lifetime of the QDs to have mostly fast-decay character at low concentrations, but to gradually become slow-decay dominant at low concentrations. At N4,
the amplitude ratio of am:Si and am:Si/Al oxide are nearly the same. This, coupled
with the long (99 ns) τs of the am:Si/Al oxide QDs at N4, could mean that QDs near
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a thin Al oxide layer are less efficient emitters at single QD concentrations than for
am:Si regions. This highlights the impact of the material layer structure on the QD
dynamics, and suggests that even a very thin layer of Al oxide can dramatically alter
the QD photoluminescent properties.

5.3

Time resolved photoluminescence intensity of QDs in close-packed
and single QDs

We then move on to explore how the material layer structure impacts the
blinking dynamics of the QDs as the concentration transitions from a film with closepacked QDs (N1) to a film with well-spaced QDs (N4). For this, we use a sensitive
EMCCD camera to capture time-lapsed images of the sample regions. The QDs are
imaged by the EMCCD camera for 400 secs, and their behavior over this time period
is discerned by observing their intensity from the images. The exposure time (or bin
time) for each frame is 1.0 sec. For a fair analysis, 40 points or spots on the image
are analyzed in terms of their intensity behavior. For a complete description of the
EMCCD imaging setup and image analysis, see Sections 3.3.3 and 3.4.3.

5.3.1

Blinking dynamics near Au, am:Si, and Al oxide structures
The first image in the time-lapse measurement for all four regions is shown in

Figure 5.6(a-d), for N1 - N4 concentrations, respectively. The spot circled in red in
each image corresponds to the spot with the highest coefficient of variation (Chapter
3, Section 3.4.3) of the 40 chosen spots. In Figure 5.6a for the N1 concentration
we observe that the am:Si and am:Si/Al oxide regions appear to have features that
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might be agglomeration of QDs, which gives a rough, textured aspect to the image.
This is indicative that the QDs are packed close to each other. On the other hand,
for the Au/am:Si and Au/am:Si/Al oxide regions, it appears as though the dominant
features are several bright spots, which are well-spaced from each other. In between
these bright spots, there is little background intensity or other features, as seen in
the am:Si and am:Si/Al oxide images. These bright spots are not single QDs, but
most likely enhanced and agglomerated QDs. These QDs could be located near top
of the QD-polymer film, sufficiently far enough that their emission can be enhanced
by the Au [21, 136, 137]. The enhanced QDs appear even brighter when they are
agglomerated together. In Figure 5.6a0 , the intensities of the circled spots shown
in Figure 5.6a are plotted for each region as a function of time. Here we see slight
fluctuation in intensity for each spot and slight enhancement of emission in the am:Si
(line 1) and am:Si/Al oxide (line 2) regions which might be due to PFE. QDs that
exhibit PFE do so because of the Coulomb blockade created by ionized QDs. Ionized
QDs form a field barrier, which prevents nearby QDs from becoming ionized, thus
staying in the bright, emissive state. Over time, as more QDs become ionized and
thereby preventing nearby QDs from becoming ionized, the observed emission of
the QDs increases, thus marking PFE. The PFE that we do observe in am:Si and
am:Si/Al oxide regions of N1 could be due to the field passivation effect of Al oxide
at the am:Si/Al oxide interface [5] and by the high concentration where the Coulomb
blockade has the most impact on proximal QDs.
The N2 concentration images and intensity plot are shown in Figure 5.6(b and
b0 ), respectively. We see here that there is slightly more variation across the images
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Figure 5.6: The first image of the time lapse for each region of concentrations N1 N4 are shown in (a-d), respectively. The red circle represents the point on the image
with the highest coefficient of variation of 40 analyzed points. In (a0 -d0 ), the intensity
of the circled spot is plotted as a function of time. Here, line 1 corresponds to am:Si,
line 2 to am:Si/Al oxide, line 3 to Au/am:Si, and line 4 to Au/am:Si/Al oxide.

of the am:Si and am:Si/Al oxide regions, meaning that the QDs have become slightly
more separated from each other. The Au/am:Si and Au/am:Si/Al oxide regions look
similar to the N1 case, in which a reduced background intensity and bright spots are
observed. The intensity plots shown in Figure 5.6b0 are dramatically different than
for the N1 concentration. Here, we see a much larger fluctuation for all regions, and
for regions with Au, it appears that there is some blinking behavior. There is a bright
and dark state for spots located on the Au/am:Si (line 3) and Au/am:Si/Al oxide (line
4) regions, as indicated by prolonged intensities that are either low or high compared
to the average intensity. We note that at this concentration we do not expect the
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QDs to be separated far enough to exhibit single QD behavior, even though we do
observe this in Figure 5.6b0 . This could be indicative of a unique process for these
regions, e.g., the competing decay rates of the QDs due to am:Si and Au layers, which
will be discussed shortly.
We see the results of the N3 concentration images in Figure 5.6c. We can
begin to see the illumination from the QDs as circular bright spots in the image,
although they are still very close to each other. In the Au/am:Si and Au/am:Si/Al
oxide regions, we still observe the reduction of the background intensity, along with
several bright spots. Like the N2 case, there is blinking behavior for regions when
Au is present, as indicated by large fluctuations in the intensity over short periods
of time and by prolonged bright/dark states. We note that the Au/am:Si/Al oxide
region exhibits long periods of time in the dark state, and that periods in the bright
state are relatively short-lived (Figure 5.6c0 , line 4).
When we decrease the concentration of QDs to N4, there is drastic change in
the images and intensity plots as shown in figs.4(d and d0 ). Here we observe from
the images that the QDs in the am:Si and am:Si/Al oxide regions are now wellspaced from each other, and individual QDs can be distinguished. This is the single
QD limit for the am:Si region, where the intensity plot (Figure 5.6d0 , line 1) of this
concentration show that there is blinking of QDs. We note the reversal of behavior
for the Au/am:Si/Al oxide region (Figure 5.6d0 , line 4) as compared to Figure 5.6c0 ,
where now the QD seems to be mostly in the bright state, and that the dark state
is short-lived and uncommon. This reversal behavior seen when comparing lines 4
in Figure 5.6c0 and 4d0 is most likely due to the statistical nature of the QDs and
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not due to, for example, a change in environment. This will be discussed in the next
section.
To understand how the separation between the QDs and the Au layer impacts
the blinking dynamics, we fabricated identical samples except with an am:Si thickness
of 15 nm instead of 5 nm. The image results for N1 (not shown) show us that the
quenching of QD emission is reduced near Au layers and the intensity plots of N2
and N3 (not shown) indicate that blinking behavior occurs on all four regions. The
EMCCD images for the N4 concentration on this sample is shown in Figure 5.7, along
with the intensity plot. The most striking feature is that the QDs on the Au/am:Si/Al
oxide region remain mostly in the dark state (line 4). This is in contrast to the N4
concentration of the 5 nm am:Si sample, where the QD was observed to be mostly
in a bright state (Figure 5.6d0 , line 4). We also observe that the intensity of the
am:Si/Al oxide region spends less time in the dark state as compared to the am:Si
region, which could be due to the prevention of carrier decay to the defects in am:Si
by the charge barrier created by the thin Al oxide layer.

5.4

Discussion

We now discuss the major results of this chapter. One new result presented is
the very short lifetime of single QDs deposited on the 5 nm am:Si layer (Figure 5.5a).
This short lifetime can be attributed to the fact that an increased number of QDs are
in contact with the am:Si surface, and that the density of defect sites is increased,
all because the concentration of QDs is dilute. Short lifetimes such as that seen in
Figure 5.5a for N4 are usually associated with QDs near metal or close-packed such
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Figure 5.7: The first image in the time-lapse measurements for each region of the
15 nm am:Si sample with the N4 concentration. The intensity as a function of time
for the circled spots is shown below. Line 1 corresponds to am:Si, line 2 to am:Si/Al
oxide, line 3 to Au/am:Si, and line 4 to Au/am:Si/Al oxide.

that FRET is dominant, for example. This short lifetime is not observed for the SiO2
case at N4 (Figure 5.4a), suggesting that there are many more defect sites in am:Si
than for the SiO2 substrate.
Another key result is the apparent blinking of some QDs at high concentrations when near Au with a 5 nm am:Si spacer. We believe that the observation of
this blinking is due to the enhancement of the radiative decay rate in conjunction
with the exposure time (or bin time) of our EMCCD camera. To discuss this, we
qualitatively describe blinking in terms of the QD and its environment. Although
the exact mechanism is unknown, the general consensus is that blinking occurs in
QDs due to the charging and re-neutralization of the QD [37,38], whereby the charge
carriers may be delocalized via processes such as Auger ionization or quantum mechanical tunneling to surface defects. Since, for example, the delocalized electron
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Figure 5.8: A QD modeled as a two level system is shown in vacuum (i), near am:Si
(ii), and near Au/am:Si (iii). The dominant decay rates in these situations are the
radiative decay (krad ), decay to QD surface defects (ksur ), and decay to the defects
in am:Si (kam:Si ). In the presence of Au (iii), the krad is increased.

cannot contribute to recombination, the QD does not emit (becomes dark) until an
electron re-enters the excited state and recombines. This is shown in (i) of Figure 5.8,
where the QD is considered to be a two-level system in vacuum. The transition from
|2i to |1i represents recombination and radiative emission. Here, ionization of the
QD occurs through tunneling to surface defects. The only decay rates are radiative
decay (krad ) and the decay to the surface defects (ksur ).
When the am:Si layer is present near the QDs, another decay rate (kam:Si )
appears that is due to the ejection of electrons to the numerous defect sites present
in the am:Si as shown in (ii) in Figure 5.8. This kam:Si competes with the krad and
ksur . The kam:Si can cause the emission and the lifetime of the QD to be reduced, as
seen in Figure 5.2(b and b0 ), respectively. In the structures studied here, we assume
that the electron can return quickly to the QD from the am:Si because of the band
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alignment of the QD and am:Si [138, 139]. This alignment allows electrons that have
been transferred to the am:Si to be able to return back to the QD, thus neutralizing
it.
With this qualitative picture in mind, we return to the observation that the
underlying Au layer leads to blinking in the N2 concentration when compared to
regions without Au. This blinking is actually due to the suppression of fast blinking
dynamics in the QDs which is itself caused by the ejection of an electron to the
am:Si and the subsequent fast return to the QD. We believe this is because of the
enhancement of krad of the QDs. In other studies, the blinking of QDs was shown
to be suppressed due to the presence of Au [2, 3]. This suppression in blinking could
be correlated with an enhanced krad , which was near or higher than the competing
nonradiative decay rates, thus leading to long durations of bright QDs. We believe
the same enhancement of krad happens in our samples, but in the presence of am:Si
(kam:Si ) and ksur the enhancement is not large enough to completely keep the QDs
in a bright state over the time scale studied here. The bin time of each data point
collected in the intensity plots (1 sec) prevented us from observing the fast blinking
dynamics. However, since this fast blinking is suppressed in regions with Au, the
bright and dark states are discernable because the suppression causes the QDs to
stay in the bright state for longer periods of time. This is in contrast to the am:Si
region where the fast electron kinetics can lead to random fluctuation in the observed
emission. This phenomena is shown in Figure 5.6b0 , for both the am:Si (line 1) and
the Au/am:Si (line 3) regions, where for Au/am:Si the bright and dark states can be
distinguished.
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We also find that by increasing the am:Si thickness to 15 nm, the bright state
of single QDs on the Au/am:Si/Al oxide region (Figure 5.6d0 , line 4) can be made to
be mostly in the dark state (Figure 5.7, line 4), for the same concentration (N4). In
this case, this could be due to the increased number of trap states available to the
QDs as compared to the 5 nm am:Si sample.
To further elucidate how the material layer structure and concentration impact
the photoluminescent properties of the QDs, the standard deviation (σ) of the intensity and the average (µ) intensity of the 40 spots we chose in the EMCCD images is
calculated and shown in Figure 5.9. In Figure 5.9(a-d), the spots for the 5 nm am:Si
sample are plotted for the am:Si, am:Si/Al oxide, Au/am:Si, and Au/am:Si/Al oxide
regions, respectively. We note a few general trends. First, for the N1 concentration,
there is a very good correlation between σ and µ of the chosen spots for all four
regions. This means that the amount of fluctuation in the intensity increases linearly
as the average intensity of the QD increases. Second, for the N2 - N4 concentrations,
we note that the correlation between σ and µ becomes weaker as the concentration
decreases. Especially for the N4 concentration, the correlation is very weak and most
of the spots lie near the origin of the plots. This suggests that as the single QD
regime is approached, the blinking dynamics of the QDs are mostly independent of
their intensity, and that the observed QDs become similar in their blinking dynamics.
We specifically note that for the am:Si/Al oxide region (Figure 5.9b), the QD values
become more compact and restricted as the concentration decreases. Here, for N1
the values of σ and µ span a large range. Going from N2 to N4, the spread of QD
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Figure 5.9: Standard deviation of intensity of the 40 spots as a function of the
average intensity, for the studied concentrations and regions of the 5 nm (left) and
15 nm (right) am:Si samples. The am:Si (a, a0 ), am:Si/Al oxide (b, b0 ), Au/am:Si
(c, c0 ), and Au/am:Si/Al oxide (d, d0 ) regions are shown for 5 nm and 15 nm am:Si
samples, respectively.

values decreases until at N4 all 40 QDs are extremely similar in their σ and µ, which
again suggests they have very similar blinking dynamics.
Figure 5.9(a-d) also gives us insight into the intensity plots of Figure 5.6(a0 d0 ). The intensity plots featured QDs with the highest coefficient of variation, which
is simply the σ divided by the µ. We can observe in Figure 5.9(a-d) that in some
regions and concentrations, the distribution of the QD values can span large ranges
and that there exists outliers. In choosing the QDs to plot with the highest coefficient
of variation, it’s possible that the intensity plots might not be representative of the
entire population. This statistical nature of the QD emission intensity could be the
cause of the reversal behavior we observed in lines 4 of Figure 5.6c0 and 4d0 .
In Figure 5.9(a0 -d0 ), we plot the σ and µ of the four regions and concentrations
for the 15 nm am:Si sample. We again observe a relationship between σ and µ for
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the N1 concentration for all four regions. We note that the values of σ are smaller in
Figure 5.9(a0 -d0 ) than in Figure 5.9(a-d), which means that the emission of the QDs
did not fluctuate as much in 15 nm am:Si samples as 5 nm am:Si samples.
The main difference between 5 nm am:Si and 15 nm am:Si samples is that
for 15 nm am:Si (Figure 5.9(a0 -d0 )), it appears that the material layer structure does
not have as large an influence on the σ and µ. We observe that for all four regions,
the grouping of the spots are relatively the same in relation to each other. This is
in contrast to the 5 nm am:Si samples (Figure 5.9(a-d)), in which case the grouping
of the spots is much different when the regions are compared. This difference might
be expected in regions where Au is present, since the distance between the QDs
and the Au plays a large role in determining the QD lifetime and photoluminescent
properties. If the QDs are farther away from the Au as in the 15 nm am:Si sample,
then the Au will have less impact and the regions might look similar. However, even
for am:Si and am:Si/Al oxide regions, the 10 nm difference between the samples seems
to change the distribution of the spots. This highlights that not only is the material
composition important, but also the thickness of the material layers that make up
the comprehensive structure.

5.5

Conclusion

Two important QD properties— the emission intensity and lifetime decay—
may be modified by both the concentration of QDs and the surrounding environment.
In this chapter we have investigated how trap defect sites, the charge barrier created
by Al oxide, and the correlated impact of both these mechanisms with the FRET
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to the Au impacts the lifetime and blinking of QDs when the QD-QD interaction is
controlled in QD-polymer spincoated films. The Au layer can boost the krad to levels
where it is competitive with the QD’s electron photo-ejection due to ksur and kam:Si ,
resulting in blinking QDs at much higher concentrations that previously reported.
The result of these high decay rates yields an ultrafast lifetime decay of QDs. This
chapter was a major step towards engineering efficient exciton-plasmon systems, because we now have a deeper understanding of the fundamental exciton dynamics due
to plasmonic, defect, and charge barrier phenomena— the main components in the
PMDJ.
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CHAPTER 6

LOCALIZED SURFACE PLASMON RESONANCES AND
PLASMONIC LATTICE MODES IN ARRAYS OF LARGE METALLIC
NANOPARTICLES

6.1

Overview

The previous results of this dissertation have given us new pathways to control
the QD photoluminescence, such as through the plasmonic-dielectric metasubstrate
(Chapter 4) or by the balancing of defect site, radiative decay rate enhancement, and
charge barrier mechanisms (Chapter 5). The Au has played a major role in these
results, working mainly through the combined effect of plasmonic enhancement and
FRET. So far, the impact of the Au has been modified by changing basic parameters
such as the thickness or separation from the QDs. The function of this chapter is to
take the Au role one step further; here we formalize Au into metallic nanoparticles
(MNPs) which adds another dimension of control to the exciton-plasmon system
design and is the crucial final step in creating the PMDJ.
When Au is fabricated into very small particles, a unique optical response
called the LSPR may arise. This LSPR features a surface-confined electric field that
has been exploited for control of optical properties of emitters such as QDs [140] and
111

for applications such as biological imaging [141]. Even more potential applications
open up when arrays of these MNPs are fabricated such that interaction between the
MNPs can occur. One way that MNPs in an array may interact with each other
is through the coupling of their LSPRs via a Rayleigh anomaly (RA). An RA is a
condition by which the MNP array diffracts incident light into the plane of the array.
This diffracted light occurs at a certain frequency or wavelength, and if this RA
wavelength corresponds to the LSPR wavelength of the MNPs, the diffracted light
can couple the MNPs together. In other words, the LSPRs of the MNPs in the array
are excited via the RA which results in a collective resonance of the array called the
plasmonic lattice mode (PLM).
PLMs have unique features as compared to individual MNP LSPRs. First, the
PLM spatially extends over the entirety of the array, allowing for ease of fabrication
when coupling PLMs to emitters. In single QD-MNP systems, for example, the
positioning of the QD and MNP is difficult because the small dimensions of the
entities generally require complex experiments. In QD-PLM systems, the positioning
may be much easier since the arrays can be hundreds of microns in dimension, thus
reducing the precision required. Second, the dependence of the RA wavelength on
the incident light angle leads to a tunable PLM resonance, which in turn can lead
to directionality in emission of emitters near the array [70]. Third, the spectral
bandwidth of the PLM resonance may be very narrow, which is beneficial in sensor
applications because of the high spectral resolution available.
PLMs have been studied extensively where many factors (such as MNP size,
lattice constant, etc.) have been investigated [71, 74, 79, 81–84, 92, 118–120, 142–148].
112

PLMs have been demonstrated in both symmetric and asymmetric structures, where
the symmetry refers to the substrate and superstrate refractive indices. In symmetric
structures, the refractive index of both the substrate and superstrate (environment
surrounding the MNPs which isn’t the substrate) are the same [79,82,83,92,120,144–
146, 148]. In asymmetric substrates, the substrate and superstrate refractive indices
are different [81,84,85,118–120,142,143,145]. Symmetric structures are advantageous
in that the PLMs can be easily generated; in asymmetric structures the PLMs can
be hard to generate due to the suppression of diffraction at the interface boundary
of substrate and superstrate [142]. However, from an applications point of view,
asymmetric structures take precedence because they allow the PLMs to be in contact
with their environment, which is relevant for devices such as PLM-based biosensors
[149].
In this chapter, the PLMs of arrays containing relatively large Au nanoantennas are studied in asymmetric structures. The size of the nanoantenna MNPs are
varied and the impact on PLM generation is investigated. This investigation is further carried out when the arrays are in the presence of am:Si, where we demonstrate
that the am:Si can assist in the generation of the PLMs and can be used to reduce the
constraints on the array design. We also demonstrate a potential use of the PLMs of
these large MNP arrays as a variable color filter, where the scattering of light at the
common HeNe wavelength can be controlled by altering the device incident angle.
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6.2

Formation of PLMs from LSPRs via increasing MNP size and surrounding refractive index

The formation of PLMs from the LSPRs of nanoantennas can be observed by
increasing the nanoantenna size and/or the surrounding refractive index. Increasing
the size of the MNPs leads to increased scattering by these MNPs, and results in
stronger coupling of the MNPs and thus the PLM resonance. Increasing the surrounding refractive index of the MNPs can shift the LSPR as well as alter the RA
wavelength, and therefore the detuning between them may be decreased which leads to
a stronger PLM resonance. These impacts will be explained in detail in Sections 6.2.1
and 6.2.2.
Arrays of Au nanoantennas were fabricated onto silica substrates using the
electron beam lithography techniques discussed in Chapter 3. For each sample substrate, there are four regions of arrays, each with an area of 200 µm × 200 µm. The
four regions allow us to take the average of four measurements, which are presented
in the figures of this chapter. Each sample contains nanoantennas with a certain
length (l) and width (w), and a nominal height of 40 nm. The lattice constant in
the y direction of the arrays (ay ) is 500 nm. For the x direction (ax ), we use lattice
constants of 1000 nm, 1400 nm, and 2300 nm. The differences in the ax account
for the varying length of the nanoantennas. The choice of the ay was to overlap the
LSPRs of the nanoantennas with the RA of the array, as explained in Section 6.2.1.
The array and nanoantenna parameters are shown schematically in Figure 6.1. For
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Figure 6.1: The nanoantenna array sample. The left hand side of the figure is a top
view with a magnified portion of an array region in the upper right hand corner. The
lattice constants (ax , ay ) and the length (l) and width (w) are shown. The bottom
right hand side of the figure is a side view which shows the nanoantennas fabricated
on a substrate with nsub but surrounded by a superstrate of nsup .

some of the presented samples, 15 nm of am:Si is deposited on the top using a sputter
system.
SEM images of the arrays are shown in Figure 6.2 (a-f). We utilize six types
of arrays with nanoantenna aspect ratios ranging from 2 to approximately 13 (corresponding to lengths of ∼200 nm to ∼2000 nm). The shape of the nanoantennas
were controlled via nanometer pattern generation system (NPGS) software. With
this software, we are able to control the dimensions of both the width and the length
of the nanoantennas. Furthermore, we also controlled the shape of the nanoantennas
using the electron beam dosage. By slightly increasing the dosage, we are able to
finely control the nanoantenna width.
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Figure 6.2: SEM images of the nanoantenna arrays presented in this chapter. The
scale bar is 1000 nm. The averages sizes (length × width) of the nanoantennas are
(a) 204 nm × 102 nm, (b) 892 nm × 264 nm (c) 924 nm × 227 nm, (d) 1320 nm ×
230 nm, (e) 1365 nm × 268 nm, and (f) 2080 nm × 152 nm.

The extinction of the nanoantenna arrays were measured using the methods
discussed in Section 3.3.4. To send light onto the arrays at different incident angles, we
rotate the sample along the longitudinal axes of the nanoantennas. This longitudinal
rotation is shown in Figure 6.3. We study the PLMs using linearly polarized light
either along the short axes (y-pol) or long axes (x-pol) of the nanoantennas.

6.2.1

Forming PLMs by increasing nanoantenna size
In this section we study the PLMs of nanoantenna arrays when the arrays are

surrounded by air. In this case, the nanoantennas are based on the substrate with
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Figure 6.3: A perspective view of the axis of rotation used when changing the angle
of incidence. The longitudinal rotation occurs when the sample is rotated along the
x-direction of the nanoantennas.

a refractive index of ∼1.51, while immersed in air with a refractive index of ∼1.0.
We begin by fabricating arrays of nanoantennas with gradually increasing sizes, as
seen in Figure 6.4. When the incident light on the arrays is y-pol (Figure 6.4a), we
observe that the extinction of the arrays of all nanoantenna sizes starts to increase
in amplitude around 500 nm. At wavelengths longer than 600 nm, the character of
the extinction then depends on the size of the nanoantennas. For smaller widths, we
note that the extinction exhibits a broad and flat peak spanning from 580 nm to 660
nm, then decreases until approximately zero at 900 nm. This extinction is due to the
multipolar LSPRs of the nanoantennas in the arrays. Thus, the extinction cannot
be modeled using dipole approximations, but analytical models have been used to
account for multipole excitations and effects in nanosphere chain arrays [150], for
example. When the nanoantenna width increases to 141 nm (line 3), we observe a
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Figure 6.4: Extinction of various sizes of nanoantennas at normal incidence, for
when the light is polarized along (a) y-pol, and (b) x-pol. The nanoantenna sizes
(length × width) are 700 nm × 127 nm (line 1), 711 nm × 134 nm (line 2), 750 nm
× 141 nm (line 3), 718 nm × 147 nm (line 4), and 743 nm × 155 nm (line 5).

drastic change in the extinction, as marked by a peak forming at 680 nm. This peak
is associated with the beginning formation of a PLM in the array. As we further
increase the nanoantenna width up to 155 nm (line 5), we see a distinct peak that
occurs at approximately 690 nm. The formation of the PLM is due to the increased
constructive interference of the scattering fields of neighboring nanoantennas that
results in a collective resonance of the array [151].
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In Figure 6.4b, we show the extinction of the nanoantenna arrays when the
incident light polarization is switched to x-pol. We note that the spectra are dominated by a large peak formed at 890 nm that red-shifts with increasing size of the
nanoantennas. This peak is due to the LSPRs of the individual nanoantennas, since
increasing the size of nanoantennas redshifts the peak wavelength and increases the
extinction amplitude [152].
We next fabricate a sample with much larger nanoantennas than those seen in
Figure 6.4 (line 5). We increase the average size of the nanoantennas to have l = 924
nm and w = 227 nm (Figure 6.2c) such that the PLM can be fully developed. This
is shown in Figure 6.5a (line 1), wherein we observe two distinct peaks; one peak at
approximately 550 nm and another at approximately 770 nm. These peaks correspond
to those seen in Figure 6.4a (line 5). However, the PLM peak in Figure 6.5a is more
pronounced and has redshifted to 770 nm. In Figure 6.5 (a and b) we also plot
the extinction for y-pol incident light as we change the angle of incidence from 0◦
to 20◦ . The extinction changes dramatically, which is due to the different detuning
between the RA and LSPRs of this sample caused by the change of the incident angle.
Namely, the PLM peak at ∼770 nm at 0◦ incident angle (line 1) is split into two PLMs
corresponding to the (±1, 0) RA modes of the substrate. We observe that the PLM
associated with the (+1, 0) RA mode redshifts from 770 nm to 800 nm, 837 nm, 877
nm, and 920 nm (0◦ to 20◦ , respectively), whereas the PLM associated with the (−1,
0) RA mode blueshifts from 770 nm to 720 nm, 670 nm, 645 nm, and 600 nm (0◦ to
20◦ , respectively). To show the repeatability of inducing such PLMs in these arrays,
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we found the mean extinction amplitude at the PLM wavelength and the standard
error for the (±1, 0) mode at 0◦ incidence, which was 0.24 ± 0.02.
To understand how the PLMs are generated in these nanoantenna arrays, we
reiterate that the RA associated with a nanoantenna array can interact with the
multipolar LSPRs of the individual nanoantennas [82] and this interaction can lead
to the shaping of the extinction which is dependent on the detuning between the
RA and LSPR [83]. PLMs can be formed when the RA and LSPR detuning is low
enough such that their optical interaction can take place. The spectral location of
the RA is dependent on the array lattice constants, the surrounding refractive index,
and the angle of incidence. On the other hand, the LSPRs are mostly dependent on
the nanoantenna size and shape. For a given structure with a certain periodic nature,
the RA condition is met at the RA wavelength, which is given by Equation 2.6 and
reinstated here as [84, 85]:

λsub
RA,m =

a
[nsub + sin(θ)]
m

(6.1)

where λsub
RA,m is the RA wavelength in the substrate, a is the lattice constant
of the array, m is the diffraction order, nsub is the refractive index of the substrate,
and θ is the angle of incidence. The RA wavelength condition can also be met in the
superstrate:

λsup
RA,m =

a
[nsup + sin(θ)]
m
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(6.2)
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Figure 6.5: Extinction of a sample with average dimensions of 924 nm × 227 nm for
y-pol when the sample is rotated from (a) 0◦ to 10◦ , and from (b) 15◦ to 20◦ . In (c)
the x-pol extinction is shown for 0◦ to 20◦ . The arrow indicates how the extinction
evolves as the sample is rotated. The first order Rayleigh anomaly is denoted by the
black dashed line in (a) and (b).
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Diffraction order
substrate (n = 1.51)
1
2
superstrate (n = 1.0)
1
2

λRA due to ax

λRA due to ay

1510 nm
755 nm

755 nm
377.5 nm

1000 nm
500 nm

500 nm
250 nm

Table 6.1: The Rayleigh anomaly wavelengths that correspond to the lattice constants in both the substrate (silica, n = 1.51) and superstrate (air, n = 1.0).

where λsup
RA,m is the RA wavelength in the superstrate, a is the lattice constant
of the array, m is the diffraction order, nsup is the refractive index of the superstrate,
and θ is the angle of incidence. In Figure 6.5, we have ax = 1000 nm, ay = 500 nm,
nsub = 1.51, and nsup = 1.0. We utilize Table 6.1 in order to see which RA mode the
PLM at 770 nm corresponds to. In this table, we use the lattice parameters of ax ,
ay , nsub , nsup , and 0◦ incident angle to calculate λRA,m from Equations 6.1 and 6.2.
We see from Table 6.1 that the PLM that occurs near 750 nm could be due
to two different RA modes. The PLM could come about due to the (±1, 0) RA
mode for ay in the substrate, or it could be the (±2, 0) mode for ax in the substrate.
The superstrate does not support an RA near the PLM wavelength for these lattice
constants. If the PLM is due to the first order RA in the ay direction, this means that
the diffraction propagation is parallel to the incident polarization (since Figure 6.5
[a and b] is for when y-pol interrogates the arrays). On the other hand, if the PLM
is caused by the second order RA in the ax direction, this means that the diffraction propagation is orthogonal to the incident polarization. In ref. [85], the authors
calculate that both diffraction scattering directions can occur, and that PLMs can
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exist in both directions as well. However, it has been reported in similar asymmetric structures like the one in Figure 6.5 that the parallel diffraction dominates over
the orthogonal diffraction [81]. Furthermore, the first order RA mode scatters more
efficiently than the second order, leading us to conclude that the PLM at 770 nm in
Figure 6.5a is due to the (±1, 0) parallel RA that is induced by lattice constant ay .
Using Equation 6.1 we can follow the location of the PLMs of the arrays in
Figure 6.5 (a and b) as the incident angle changes the detuning between the RA and
LSPR. We see that increasing θ should increase the RA wavelength for the (+1, 0)
RA, whereas the RA wavelength will decrease for the (−1, 0) mode. In Figure 6.6,
we plot the RA wavelength values (Equation 6.1) for when the angle is varied from
0◦ to 20◦ , and find that the measured PLM peak wavelength is in good agreement
with the RA wavelength.
In Figure 6.5c we show the extinction of these nanoantenna arrays as we change
the angle of incidence from 0◦ to 20◦ , but with x-pol incident light. Here we see
that increasing the angle of incidence leads to an increase in the amplitude of the
extinction across the entire wavelength range of the spectrometer. Spectrally, there
are no drastic changes as the sample is rotated.
To see how the length of the nanoantennas affects the PLM generation, we
fabricate arrays with nanoantennas that have l = 1320 nm and w = 230 nm (see
Figure 6.2d). Compared to the previous sample, these nanoantennas have increased
length by about 400 nm, and essentially the same width. In Figure 6.7 (a and b) we
show the extinction of these nanoantenna arrays for incident light angles up to 20◦ .
We note that these arrays share some similarities to the previous sample, namely
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Figure 6.6: The Rayleigh anomaly wavelengths plotted as a function of incident
angle for nsub = 1.51, ay = 500 nm, and m = ±1. The circle-dashed lines (blue and
black) correspond to the measured +1 and −1 PLM peak wavelengths, respectively.

that the (±1, 0) RA wavelength causes the PLM to split and shift accordingly as
in Figure 6.6. It is also seen that the extinction amplitude is much higher for this
type of nanoantenna array. This might be because the larger nanoantennas scatter
significantly more light, and thus stronger optical coupling and PLM generation can
occur. The larger extinction amplitude allows us to clearly see the PLMs shift as
the angle of incidence is varied. We again compute the mean extinction amplitude
and standard error at the PLM wavelength for the (±1, 0) mode at 0◦ incident angle,
which we find to be 0.76 ± 0.01. In Figure 6.7c we show the extinction of the 1320 nm
× 230 nm nanoantenna arrays for when the incident light is x-pol. As in the case of
Figure 6.5c, the extinction for x-pol light of this array remains somewhat featureless
as we rotate the angle of incidence.
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Figure 6.7: Extinction of a sample with average dimensions of 1320 nm × 230 nm
for y-pol when the sample is rotated from (a) 0◦ to 10◦ , and from (b) 15◦ to 20◦ . In
(c) the x-pol extinction is shown for 0◦ to 20◦ . The arrow indicates how the extinction
evolves as the sample is rotated. The first order Rayleigh anomaly is denoted by the
black dashed line in (a) and (b).
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6.2.2

Generation of PLMs by adding am:Si
In this section we explore the collective polarization responses of the nanoan-

tenna arrays as a function of the length in the presence of a thin am:Si layer. In a
recent report [153], we fabricated nanoantenna arrays with the substrate/air structure
and incrementally added am:Si to the top of the arrays. We found that the am:Si
could fully induce PLMs in these arrays, at a certain optimal thickness. In this section, we aim to see how this am:Si layer impacts the development of PLMs for a wide
range of nanoantenna lengths (∼200 nm to ∼2000 nm). For the samples presented
in this section, 15 nm of am:Si has been sputtered on the top of the nanoantenna
arrays, such that the superstrate refractive index, nsup , has been changed. The lattice
constants (ax and ay ) remain the same is in the previous section. In these samples,
we rotate the sample along the longitudinal axis of the nanoantennas (see Figure 6.3)
much like the previous section in order to elucidate the generation of PLMs.
We begin by fabricating samples that have l = 204 nm and w = 102 nm, as
seen in Figure 6.2a. To see the impact of the am:Si on these samples, we plot the
x-pol and y-pol extinction at 0◦ incident angle in Figure 6.8 (a and b). In Figure 6.8a
(y-pol) we see that the extinction of the nanoantennas in air has a peak at around
600 nm, which is associated with the transverse LSPR mode [154]. When this sample
is in am:Si, this peak redshifts to 700 nm, and a shoulder appears at approximately
600 nm. When we rotated the sample from 0◦ to 20◦ (not shown here), we noted
that there was no significant change in the peak wavelength of these nanoantenna
arrays. This suggests that the PLM in this type of array has not yet developed,
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although the small peak at 700 nm could be a weak sign of the PLM. The absence of
a fully developed PLM could be due to the small size of these nanoantennas, and the
consequent weak scattering nature as evidenced by the very low extinction amplitude.
Fig.9a suggests that, even with the addition of am:Si, that these nanoantennas are
too small to induce strong coupling between them and to generate a PLM.
In Figure 6.8b, we plot the extinction for x-pol when the nanoantenna arrays
are in air and in am:Si. We note that there is a significant redshift of the array
extinction, going from ∼700 nm to ∼800 nm, as well as the narrowing of the peak
when am:Si is added. Again, when rotation measurements of the extinction were
taken, no significant changes were observed, suggesting no PLMs exist when excited
with x-pol light for these arrays. In these small nanoantennas, the x-pol extinction has
a distinct peak that redshifts, in contrast to the featureless extinction of the larger
nanoantennas in Section 6.2.1. This is because the nanoantennas in Figure 6.8b
are much smaller in length (∼200 nm), and as such the extinction uncovers the
longitudinal LSPR mode [154] of the nanoantennas when excited with x-pol light.
To see how the am:Si impacts nanoantenna arrays of similar sizes to those in
Section 6.2.1, we fabricate samples with l = 892 nm and w = 264 nm (Figure 6.2b).
In Figure 6.9 (a and b) we show the impact of adding 15 nm of am:Si to the top
of these nanoantennas. For y-pol (Figure 6.9a), we see that the addition of am:Si
redshifts the extinction peaks and increases the amplitude. This can especially be
seen for the peak at 550 nm (in air) that redshifts to 580 nm with the presence of
am:Si. We also note that the 15 nm am:Si layer causes a definite PLM peak to form
at 800 nm. In Figure 6.9b, we plot the nanoantennas in air and with am:Si for the
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Figure 6.8: Extinction of 204 nm × 102 nm nanoantennas for y-pol (a) and x-pol
(b) when the sample is exposed to air (line 1) or embedded in 15 nm of am:Si (line
2).

x-pol case. Here the most notable feature is the forming of a peak around 1000 nm
with the addition of am:Si.
In Figure 6.9c we plot the extinction for y-pol as we rotate the sample from
0◦ to 10◦ , and in Figure 6.9d we rotate from 15◦ to 20◦ . We again trace the PLM
for the full rotation, starting with the (+1, 0) RA mode. At 0◦ , the PLM is located
at ∼790 nm, and increases to 820 nm, 850 nm, 880 nm, and 920 nm as the angle
increases up to 20◦ . When we look for the (−1,0) RA mode, we see that the peak at
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Figure 6.9: Extinction of 892 nm × 264 nm nanoantennas when nanoantennas are
exposed to air or 15 nm of am:Si for (a) y-pol and (b) x-pol. In (c) and (d), the
sample is rotated through by 0◦ to 10◦ and 15◦ to 20◦ , respectively, for y-pol incident
light. The dashed line corresponds to the (±1,0) Rayleigh anomaly in the substrate
for 0◦ angle of incidence.

0◦ at 790 nm blueshifts to 720 nm, 680 nm, 660 nm, and then 620 nm for an angle of
20◦ . We also note that the extinction amplitude in general is higher than the previous
sample. This is most likely due to the fact that the lattice constants have stayed the
same, but the size of the nanoantennas has increased. This means that the density of
gold has increased for the same area, leading to higher scattering and thus increased
extinction amplitude. For the x-pol case (not shown), we see no drastic changes as
the incident angle is rotated through 20◦ .
The next sample we fabricate is even larger in nanoantenna size, so that we
have l = 1365 nm and w = 268 nm (seen in Figure 6.2e). The extinction of these
samples (not shown here) is very similar to previous nanoantenna arrays (l = 892 nm
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Figure 6.10: Extinction of 2080 nm × 152 nm nanoantennas when nanoantennas
are exposed to air or 15 nm of am:Si for (a) y-pol and (b) x-pol. In (c) and (d), the
sample is rotated through by 0◦ to 10◦ and 15◦ to 20◦ , respectively, for y-pol incident
light. The dashed line corresponds to the (±1,0) Rayleigh anomaly in the substrate.

and w = 264 nm). No significant changes were observed in the spectra, even though
the nanoantenna length was increased by ∼470 nm.
The last sample we investigate is very long, with a length l = 2080 nm and a
width w = 152 nm (Figure 6.2f). The sample extinction for y-pol in air and in 15 nm
am:Si is shown in Figure 6.10a. We see that the redshift that is usually present with
the addition of am:Si is not as noticeable, but the PLM formation is still assisted
by the am:Si layer. Here we see a weak PLM peak starts to form at around 740
nm. Fig.11b shows the sample in air and am:Si for the x-pol case. There are no
notable features except a small peak that comes about in the near infrared range of
the spectrometer at 1100 nm.
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The extinction as a function of incident angle of these nanoantennas is shown
in Figure 6.10 (c and d) for y-pol. In Figure 6.10c, we see that (±1,0) RA modes can
still be distinguished, although the character of the PLM is different. For the (+1,0)
RA mode and corresponding PLM, the extinction peak redshifts as usual from ∼740
nm to 920 nm (0◦ to 20◦ ). However, the amplitude of this peak decreases while the
FWHM increases. This is the opposite case as in the previous sample (Figure 6.9),
for example, where the PLM amplitude remains constant and the FWHM slightly
decreases. For the (−1,0) RA mode and PLM, the peak blueshifts from 740 nm to
about 620 nm at 20◦ incidence angle. When we switch to x-pol and measure the
extinction, there are no significant changes as the incident angle is changed.
We note that from the arrays studied in this section, that increasing the length
of the nanoantennas in the arrays results in increased optical coupling of the PLMs,
up until the limit where the nanoantennas become nanowire-like (l = 2080 nm, Figure 6.10). This is evidenced by the amplitude of the extinction. The extinction (in
arbitrary units) of the PLM peak increases from approximately 0.06 (l = 204 nm,
not yet a PLM), to 0.55 (l = 892 nm), and then decreases to 0.3 (l = 2080 nm).
The increased optical coupling might be due to the increased scattering cross section
that comes about due to the larger nanoantennas. A larger scattering cross section
would lead to more light diffracting and coupling to the PLM. However, for the very
long nanoantennas (l = 2080 nm), the extinction amplitude is seen to decrease. This
might be due to the width of these nanoantennas being ∼150 nm instead of ∼260 nm
as in the previous arrays. With a length of l = 2080 nm, the nanoantennas are approaching the nanowire regime, where the optical properties of the system behave like
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metallic gratings. Metallic nanowires have been studied in periodic arrays [155–157],
and in ref. [157] nanowire arrays with similar lattice constants also display collective
resonances due to RAs. We also note that for x-pol, the extinction remains similar
for all nanoantenna sizes except for when l = 204 nm. At long nanoantenna lengths,
we expect there to be no plasmonic resonance for light polarized along the length. In
ref. [157], arrays of nanowires are rotated along the longitudinal axis, and for x-pol
they find that the extinction does not change significantly, as confirmed here.
The main motivation of this section was to investigate how the size of nanoantennas in conjunction with the am:Si layer impacts PLMs in asymmetric structures.
This impact can readily be seen in (a) of Figures 6.8, 6.9 and 6.10. Here, the am:Si not
only redshifts the extinction peaks of the LSPRs, but also assists the generation of the
PLM that occurs due to the first-order RA. The am:Si redshifts the PLM peak slightly
because it increases the nsup and thus increases the RA wavelength. Furthermore,
the am:Si increases the extinction amplitude of the LSPR peak, suggesting stronger
optical coupling. In ref. [153], a am:Si layer coating the top of the nanoantennas was
shown to induce the complete formation of the PLM for smaller nanoantennas. In
this chapter, the PLM of the arrays in air is already partially developed, so that the
am:Si is utilized to increase the optical coupling of the PLMs.

6.3

Impact of lattice constants on PLM generation

The design of the nanoantenna lattice constants was a critical factor in the
extinction obtained in the previous sections. To further understand how the lattice
constants of the nanoantenna arrays impacts the PLMs and sample extinction, we
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fabricate samples with larger lattice constants as seen in Figure 6.11. The first array
has nanoantennas with l = 908 nm, w = 254 nm, and with lattice constants ax =
1500 nm and ay = 750 nm. The extinction of this array (Figure 6.11a) does not
share the familiar features of previous samples. Namely, it does not have a shoulder
at ∼580 nm, and a PLM peak does not form near 750 nm. The extinction shown
for y-pol (line 1) is the result of a different detuning between the LPSR and the RA
wavelength. The LSPR is similar in character because the width of the nanoantenna
is nearly the same, but the first order RA wavelength has red-shifted considerable
because the ay is now 750 nm instead of 500 nm. For x-pol (line 2), we see that the
extinction is relatively flat and featureless as in the previous samples. Since the ax
is very large and not within range of the spectrometer used here, the extinction we
see is due to large detuning between LSPR and RA, and can be mostly considered
due to the multipolar LSPRs of the nanoantennas along the longitudinal axis. We
further explore this subject by fabricating a sample with l = 959 nm, w = 196 nm,
ax = 2000 nm, and ay = 1000 nm. The extinction of this array for y-pol and x-pol is
shown in Figure 6.11b. Here we note that the extinction amplitude is weaker due to
the farther distance between the nanoantennas. Again, the extinction seen for both
y-pol and x-pol is due to the increased detuning between the RA and the LSPRs.
Since the lattice constants are very large now, the extinction could mostly be due
to the multipolar LSPRs in the longitudinal and transverse directions. We rotated
these arrays through 20◦ (not shown) and saw no significant changes, reaffirming the
absence of PLMs in the arrays of Figure 6.11 (a and b).
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Figure 6.11: Extinction of samples with lattice constants of (a) ax = 1500 nm, ay
= 750 nm, and (b) ax = 2000 nm, ay = 1000 nm. In both plots the y-pol (line 1) and
x-pol (line 2) are shown, as well as an SEM image of the nanoantenna arrays as the
insets.

Using optimized lattice constants in nanoantenna arrays are important because; (i) there can be large differences in the extinction between orthogonal incident
light polarizations, and (ii) careful consideration of the nanoantenna LSPRs and lattice constants can yield PLMs that can be used in, e.g., sensing applications. As we
will show in Section 6.5, the large extinction difference in the arrays of Figure 6.7 can
be used as a variable color filter when rotated through θ.
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6.4

Discussion

In this section we discuss the key results and implications of Sections 6.2
and 6.3. We observe that the PLMs in this study have larger bandwidth than other
experimental studies [84, 118, 145], where the PLM can be less than 10 nm in width.
This is due to the conditions of the coupling between the LSPRs and RAs. When
these two resonances overlap spectrally, the coupling is strong, which can lead to
very sharp, narrow features that exhibit Fano-like properties. In our experiments,
the LSPR and RA wavelength are detuned enough such the PLM is broadened to the
extent observed in this paper.
One key feature in the studied samples is the shifting of the PLM wavelength
with variation of the incident light angle. In cases where the PLMs are present, we can
trace the peak wavelength to follow the (±1,0) RA wavelengths as seen in Figure 6.6.
The main contributors to the PLMs in the presented nanoantenna arrays are the
LSPRs and the RAs. The interaction between these two entities governs, in large
part, the resulting extinction of the arrays and the spectral location of the PLMs. In
the substrate, the diffracted light scatters parallel to the incident light polarization.
So when y-pol light is used to interrogate the arrays, the RA is induced due to the
lattice constant ay . This is why we observe similar trends in the PLMs of nearly all
the presented nanoantenna arrays; they share the same ay = 500 nm.
The size of the nanoantennas plays an important role in the generation of
PLMs. The smallest nanoantennas used in this study were of size l = 204 nm and
w = 102 nm (Figure 6.8a). These nanoantenna arrays do not exhibit any PLM peak
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or behavior as the sample is rotated. When we compare these nanoantennas to the
slightly larger nanoantennas of Figure 6.4a (lines 1 and 2), we note that the extinction peak is redshifted and increased in amplitude. This trend of peak redshift and
increased extinction amplitude continues as we increase the size of the nanoantennas.
This phenomenon could be due to the increased radiative damping and depolarization of the larger nanoantennas [83, 158]. In terms of PLM generation, once the
nanoantenna reaches a certain width (∼141 nm), the beginning of the formation of
the PLM at ∼690 nm can be discerned (Figure 6.4a, line 3). As shown in ref. [142],
increasing the size (and polarizability) of the MNPs in the array can overcome the
losses from suppression of diffraction due to the substrate interface. Here, we showed
that nanoantennas with small size do not form PLMs (Figure 6.8), but as the size
is increased (e.g., Figure 6.9), the PLM becomes developed. This tells us that the
size of the nanoantennas, and especially the width in this case, is important if PLMs
within ordered arrays of nanoantennas are to be induced.
We can see the impact of the width of the nanoantennas, in conjunction with
the use of the am:Si layer, by comparing line 2 in (a) of Figures 6.8, 6.9 and 6.10.
Here we see that the increase in width yields a redshift and increased amplitude in
the extinction, for reasons just discussed. However, within this trend we also note
the effect of am:Si on the increasing nanoantennas size; that the am:Si by virtue of
its presence greatly increases the optical coupling and generation of the PLMs. This
can be seen when comparing line 1 (nanoantennas in air) to line 2 (nanoantennas
embedded in am:Si), and especially for 1365 nm × 268 nm (Figure 6.10a). In all
cases, the PLM is stronger and further developed.
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6.5

Application demonstration: Variable transmission filter at HeNe wavelength
One interesting aspect of the long (1320 nm × 230 nm) nanoantenna arrays

shown in Figure 6.7 is how the sharp peak seen at ∼770 nm for θ = 0 can be tuned
across the visible wavelengths to ∼650 nm by altering the incident light angle. This
tuning of the sharp peak can occur with no degradation of extinction amplitude or
broadening of the width. This is shown in Figure 6.12 (a and b), where the extinction
for both y-pol and x-pol is plotted for θ = 0◦ and θ = 15◦ . To show the efficiency
of the scattering at two different wavelengths, we measured the transmission of the
arrays at 514 nm and 633 nm (HeNe) using two different lasers. We rotated the
polarization of these lasers from x-pol to y-pol in steps of 10◦ , and plotted the normalized transmission through the arrays, as shown in Figure 6.12 (c and d). For 0◦
incident angle, the light from the 514 nm laser is reduced by about 25% as the polarization switches from x-pol to y-pol. On the other hand, the amount of transmitted
light decreases by 35% for y-pol light at 633 nm. When the sample is rotated by
15◦ , however, there is a much larger difference in the transmitted light between the
two laser lines. For 514 nm at 15◦ , the transmitted light is reduced by about 10%,
whereas for 633 nm the switch to y-pol reduces the transmitted light by about 60%.
We can see the reason for the large difference when comparing Figure 6.12 (a and
b). In Figure 6.12a, the difference in extinction amplitude for x-pol and y-pol are
almost equal at 514 nm and 633 nm, and thus we get a reduction in the transmitted
light that is somewhat similar. For 15◦ , the difference in x-pol and y-pol extinction
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Figure 6.12: The extinction of the 1320 nm × 230 nm nanoantenna arrays for both
y-pol and x-pol, for the incident angles of (a) 0◦ and (b) 15◦ . The laser wavelengths of
514 nm and 633 nm are shown as dashed vertical black lines. In plots (c) and (d), the
transmission of laser light through the sample at 0◦ and 15◦ is shown, respectively, as
a function of laser polarization angle. Laser polarization of 0◦ is x-pol, whereas laser
polarization of 90◦ is y-pol.

is much greater for 633 nm than for 514 nm due to tuning the sharp extinction peak
closer to the 633 nm laser, and therefore the transmitted light for 633 nm at y-pol
is much less than at 514 nm. This highlights the ability of these arrays to efficiently
scatter light at certain wavelengths while allowing for high transmission at others, a
property useful for applications such as variable bandpass color filters.

6.6

Conclusion

In this chapter we studied the PLM formation of MNP arrays featuring large
(>200 nm) nanoantennas. The PLM formed efficiently as the nanoantenna size in-
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creased, due to increased scattering and coupling in the arrays. The length of the
nanoantennas was varied and the PLM resonance corresponding to (±1, 0) RA modes
were mapped. In the case of nanoantenna arrays, am:Si acts to assist the generation
of PLMs through its refractive index due to decreasing the detuning between the
LSPR and the RA. One potential application of the nanoantenna arrays studied in
this chapter is as variable color filters, whereby rotating the incident light angle, significant modulation of transmission at the common HeNe wavelength (633 nm) can
be achieved. Understanding how MNP arrays behave in the context of am:Si is important to exciton-plasmon coupling, because as we have seen, the arrays can have
directional and polarized characteristics. This is used to our advantage in controlling the QD photoluminescence properties in exciton-plasmon coupled systems in the
following chapter.
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CHAPTER 7

ULTRAHIGH EMISSION AND LIFETIME ELONGATION OF
QUANTUM DOTS IN PLASMONIC METAL-OXIDE DOUBLE
JUNCTIONS

7.1

Overview

The key result of this dissertation is a new method to enhance exciton-plasmon
coupling beyond the current limits offered by plasmonic means. This method is realized through a structure containing Au/am:Si/Al oxide/QDs, and is called the Plasmonic Metal-oxide Double Junction (PMDJ) to emphasize the energy band junctions
that occur between the Au/am:Si and the am:Si/Al oxide. The results of previous
chapters are imperative to the design of the PMDJ, as the exciton dynamics near the
am:Si/Al oxide charge barrier and the optical properties of Au/MNP arrays embedded
in am:Si are crucial components in understanding the underlying mechanisms.
Exciton-plasmon coupling between excitons in QDs and LSPRs in MNPs is
widely sought after because of the potential nanophotonic applications in sensing,
communication, quantum coherence, optical components, quantum and biological devices, and many more [9, 103–106]. A goal central to many of these nanophotonic
applications is the control over the photoluminescence properties of the QD, which is
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offered by exciton-plasmon coupling. When this coupling occurs, the QD’s emission
intensity, polarization, and lifetime decay may be altered and controlled by the design
of the MNP, for example. Because of this, exciton-plasmon coupling has been theoretically and experimentally explored between MNPs and QDs [10, 11, 159, 160]. In
these cases, the QD-MNP coupling is studied in terms of parameters such as the separation distance or number of nearby MNPs, but designing systems to take advantage
of material structure is a new area of exciton-plasmon study.
In this chapter, formation of the PMDJ allows for ultrahigh enhancement of
QD emission intensity with simultaneous elongation of their lifetime, two processes
that are contrary in the current literature. The PMDJ consists of MNPs/am:Si/Al
oxide and works by the synergistic impact of the MNP/am:Si and am:Si/Al oxide
junctions. In the first sections, efficient exciton-plasmon coupling is shown to be
unique to the MNP/am:Si/Al oxide system (as opposed to the case when SiO2 is used),
where both Au layers, nanoantennas, and nanodisks are explored. The next section
shows how the size of the nanoantennas in the PMDJ impact the strength of the
exciton-plasmon coupling. Finally, the last section explains the physical mechanisms
behind the enhanced exciton-plasmon coupling in terms of the PMDJ structure.

7.2

Improved enhancement of exciton-plasmon coupling in MNP/am:Si/Al
oxide structures

We begin this chapter by fabricating devices that demonstrate exciton-plasmon
coupling in QD-MNP systems. Au nanoantenna arrays were fabricated onto silica
substrates using electron beam lithography as described in Chapter 3 and are shown
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in the inset of Figure 7.1. The length (l) and width (w) of the nanoantennas were ∼900
nm and ∼300 nm, respectively, and had a nominal thickness of 50 nm. The lattice
constants ax and ay of the array were 2 µm and 1 µm, respectively, unless otherwise
noted. After the arrays were fabricated, 15 nm of SiO2 or am:Si were sputtered onto
the samples to embed the arrays. This was followed by sputtering an Al oxide layer
with a nominal thickness of 1 nm on top, forming a dielectric/Al oxide interface. To
create the QD-MNP samples, a solution of QDs in toluene was spin coated on the top
(Figure 7.1). Measurements of the QD emission were taken both in the presence and
in the absence of the arrays to understand how the nanoantennas influence the QD
behavior. We also fabricated similar samples but without Al oxide to test the impact
of the dielectric interface. The emission of the QDs when excited with an Ar laser
(514 nm) beam normal to the sample plane was collected by a QE-Pro Ocean Optics
spectrometer. The QDs were acquired from NN-Labs, LLC. They were CdSe/ZnS
nanocrystals coated with octadecylamine ligands with absorption peak at 640 nm
and a peak emission wavelength (λP eak ) of 650 nm.
Extinction spectra of the nanoantenna arrays with and without the am:Si layer
are shown in Figure 7.2. In this figure, the incident light is either polarized along the
long axes of the nanoantennas (x-pol), or along the short axes (y-pol). In Figure 7.2a
the extinction of the nanoantenna arrays without am:Si is shown, and we can see
that y-pol has a larger extinction than x-pol. This is due to the early formation of
a PLM as studied in Chapter 6, but here the PLMs are not yet generated such that
only a weak formation is seen around 750 nm. For the x-pol case, the extinction
spectra is mostly featureless and is due to the multipolar LSPRs along the long axes
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Figure 7.1: Perspective view (not to scale) of the fabricated samples, with top view
and SEM image insets. (A) is the Al oxide layer, (B) is the dielectric layer, and (C)
is the silica substrate. There were four identical MNP array regions on a sample, of
square dimension (area of 450 µm × 450 µm). The center-to-center distance of these
arrays is twice their side dimension, and they were arranged so that all four regions
make up a larger square shape.

of the nanoantennas. In Figure 7.2b the extinction is shown after the addition of 15
nm of am:Si. Here we note for y-pol that a shoulder appears in the spectra at ∼600
nm, while the PLM peak at ∼750 nm becomes more distinct. From Chapter 6, we
know this to be because the am:Si assists in the PLM generation due to decreasing
the detuning between RA and LSPRs via the refractive index. The x-pol extinction
remains featureless, with a small dip occurring at 750 nm. To induce exciton-plasmon
coupling in these systems, QDs placed near these nanoantenna MNPs will be excited
off-resonantly at the laser wavelength of 514 nm. From Figure 7.2b, we can see
that the laser wavelength is not near the LSPR or PLM wavelength, and that the
extinction for both x-pol and y-pol are similar such that very small scattering or
absorption occurs in either polarization.
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Figure 7.2: Extinction spectra of the Au nanoantennas without (a) and with (b) 15
nm of am:Si for both the x-pol (line 1) and y-pol (line 2) polarizations. The laser and
QD exciton wavelengths are annotated by their respective arrows.

To observe exciton-plasmon coupling, we begin by considering the emission of
QDs on the samples without Al oxide (only am:Si interface). The results in Figure 7.3
show the emission spectra when the QDs were far from the arrays (line 1) and when
the QDs were very close (line 2). Here we observe that QDs near the nanoantennas
have a mean emission of 130.84 ± 5.24, whereas when no nanoantennas are present
the emission is 62.04 ± 19.74 (these values are not normalized as in Figure 7.3). This
rather weak enhancement was not surprising; since the nanoantennas do not have
significant plasmonic features around the QD emission wavelength (Figure 7.2a), we
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Figure 7.3: QD emission spectra in the presence of Au nanoantennas embedded in
15 nm of am:Si (no Al oxide). The inset shows variation of the emission at λP eak as
a function of the analyzer angle. The dashed line shows the emission at λP eak when
located over a region of nanoantennas, whereas the solid line is the emission when no
nanoantennas are present.

did not expect to see large enhancement. The observed emission enhancement in
these MNP/am:Si samples was the result of residual multi-mode plasmonic effects
and scattering of the nanoantennas. To see if any exciton-plasmon coupling was
present, we observed the emission of the QDs near the nanoantennas as a function of
their polarization [10]. For this, we placed an analyzer (linear polarizer) in front of
the spectrometer collecting lens, and rotated the analyzer through by 180◦ . This is
shown in the inset of Figure 7.3, where we observe that the emission at λP eak near
nanoantennas (dashed line) has no polarized character. This suggests that the dipole
interaction between the QD and MNP is weak or nonexistent in this sample.
The results are much different in the presence of the am:Si/Al oxide interface.
To see this, we considered samples similar to those in the case of Figure 7.3, but
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Figure 7.4: QD emission spectra in the presence of Au nanoantennas embedded in
15 nm of am:Si with an accompanying 1 nm Al oxide layer on top. The inset shows
variation of the emission at λP eak as a function of the analyzer angle. The dashed line
shows the emission at λP eak when located over a region of nanoantennas (corresponds
to right figure axis), whereas the solid line is the emission when no nanoantennas are
present (corresponds to left figure axis).

added a 1 nm layer of Al oxide. Figure 7.4 shows a significant disparity between
QD emission in regions of the sample containing only the am:Si/Al oxide with no
nanoantennas (line 1) and in regions containing the am:Si/Al oxide interface and
nanoantennas (line 2). In contrast to the case of line 2 in Figure 7.3, here we observe
that the nanoantennas greatly increased the emission intensity when Al oxide was
added to the am:Si layer. The emission near nanoantennas with the am:Si/Al oxide
interface is 609.96 ± 95.56, whereas when no nanantennas are present it is 24.62 ±
2.61 (these values are not normalized as in Figure 7.4).
The inset in Figure 7.4 shows the QD emission at λP eak of the am:Si/Al oxide
sample in the absence (solid line) and presence (dashed line) of the nanoantennas
after passing through the analyzer. The results show that the nanoantennas combined
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with the am:Si/Al oxide layer can make the QD emission partially polarized. As the
inset of Figure 7.3 shows, however, in the absence of the am:Si/Al oxide interface
no such polarization property is seen. This effect shows that the unique am:Si/Al
oxide interface can not only enhance the emission of the QDs but it can also induce
exciton-plasmon coupling. The large enhancement of Figure 7.4 happens when the
QD dipoles induce transverse plasmons in the nanoantennas (analyzer at 90◦ is along
the y-pol axis of the nanoantennnas), which in turn enhances the plasmonic effects
and polarizes the emission of the QDs [10]. In the case of Figure 7.3, although similar
nanoantennas are present, the QD-dipole coupling is weak, yielding no polarization
dependency in the light emitted from the QDs. We reinstate that in all cases, the
laser wavelength is 514 nm, which is considered off-resonant excitation of the system
since this is far from both x-pol and y-pol plasmon modes of the nanoantennas as
well as the array PLM (Figure 7.2).

7.2.1

Plasmonic impact on QD emission in Au/am:Si/Al oxide systems
To analyze the results presented in Figures 7.3 and 7.4, we need to study the

effects of the plasmons, embedding dielectric layer, and Al oxide on the QD emission.
We start with the investigation of the plasmonic effects. For this, we fabricated
samples similar to those used in the case of Figure 7.4 but replaced the nanoantennas
with nanodisks (inset of Figure 7.5) of the same nominal thickness. The nanodisks
were 450 nm in diameter and had ax and ay of 1 µm. The nanodisks exhibited
an enhancement of ∼9 times (Figure 7.5) and showed no polarization dependency
(dashed line in inset of Figure 7.5). This was rather predictable because of the
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random nature of the QD polarization when they start to emit and the symmetry of
the nanodisks. We also fabricated samples consisting of a uniform 40 nm Au layer
and 15 nm of am:Si with and without 1 nm of Al oxide. In other words, we replaced
the nanoantennas with a uniform Au film. Our results showed that adding Al oxide
did not change the QD emission significantly, confirming that plasmonic effects play
a major role in the results. We also measured the extinction of nanoantenna samples
with and without Al oxide and noticed no significant changes. This suggests that
the effects seen in Figure 7.4 were not due to a change in the plasmonic fields of
the nanoantennas because of the Al oxide, but rather due to an inherent process
that takes place between the nanoantenna plasmons, am:Si/Al oxide junction, and
nearby QDs. Furthermore, the large change in emission efficiency seen in the inset
of Figure 7.4 is due to the fact that switching between x-pol and y-pol change the
plasmonic modes which then induce different strengths of exciton-plasmon coupling
in the system. In other words, the exciton-plasmon coupling strength is polarization
dependent and is achieved through the nanoantenna array design.

7.2.2

Dielectric impact on QD emission in MNP/SiO2 /Al oxide systems
To explore the enhancement seen in Figure 7.4 further, we investigated the role

played by the embedding dielectric layer by fabricating samples with similar nanoantennas as those in Figure 7.4 but with 15 nm of SiO2 . The nanoantennas are now in
the presence of an SiO2 /Al oxide layer. We observed an average enhancement of only
∼2 when nanoantennas were present. We also noted no polarization dependency. The
observed enhancement could be due to the plasmonic features of the nanoantennas,
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Figure 7.5: QD emission spectra in the presence of Au nanodisks embedded in 15
nm of am:Si with an accompanying 1 nm Al oxide layer on top. The insets show an
SEM image of the nanodisks and the variation of the emission at λP eak as a function
of the analyzer angle. The dashed line shows the emission at λP eak when located over
a region of nanodisks, whereas the solid line is the emission when no nanodisks are
present.

with insignificant/nonexistent influence of the Al oxide on emission enhancement.
Compared to the am:Si/Al oxide interface, these results can be partially due to the
less pronounced plasmonic features of nanoantennas embedded in SiO2 (Figure 7.6
line 2), however, this is mostly because am:Si and SiO2 have different material properties. For example, am:Si has a bandgap energy that is more amiable to the PMDJ
processes, as we will see shortly.

7.2.3

Metal oxide impact on QD emission in MNP/am:Si systems
Since the addition of Al oxide to the am:Si in Figure 7.4 showed such a drastic

change in QD emission, we expect the choice of metal oxide to heavily influence the
system dynamics. To study this, we replaced Al oxide with Cr oxide and noticed
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Figure 7.6: Extinction spectra of Au nanoantennas in the presence of either a 15
nm am:Si/1 nm Al oxide interface (line 1) or a 15 nm SiO2 /1 nm Al oxide interface
(line 2). The incident polarization is y-pol in both cases.

that there was an enhancement of around 10 times, half of what was seen for Al
oxide. From these results, we suspect that the Al oxide and Cr oxides share similar
traits that are conducive to QD emission enhancement in the tested environments.
In fact, our previous reports have shown that Cr oxide may have some resemblance
with Al oxide, but that the latter has a more pronounced enhancement effect [161].
This may be related to the fact that Al oxide can not only passivate the defects in
QDs and on the am:Si substrate [162–164], but it can also isolate the QDs from the
substrate because of its large negative fixed charge [128]. These negative charges
induce electrostatic shielding between the QDs and the am:Si, preventing electrons
from being ejected from the QDs, and residing in the am:Si layer [165]. Besides high
surface passivation and reduced surface recombination, large amounts of Al oxide
can also be deleterious to the Coulomb blockade. This suggests that the optimum
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thickness of the Al oxide is determined when the opposing effects from the Coulomb
blockade and surface recombination result in maximum quantum efficiency. In our
investigation, we believe the maximum quantum efficiency to occur when the thickness
of Al oxide is about 1 nm, consistent with the previous reports [5].
In Section 7.2, we showed that in the presence of Au nanoantennas, the unique
combination of an am:Si embedding layer paired with Al oxide could induce large enhancement in the QD emission and enhance QD-induced exciton-plasmon coupling.
Our results showed that in the presence of nanoantennas but absence of the Al oxide,
the emission enhancement factor was 2.386 ± 0.12. When the Al oxide was added,
this factor was increased to 18.56 ± 2.7. These are the results of the interplay between
the Au plasmons, am:Si layer, Al oxide charge barrier, and QDs. Before describing
these systems in the context of the PMDJ, in the next section, we continue the investigation of the am:Si/Al oxide interface on exciton-plasmon coupling by considering
nanoantennas of varying sizes.

7.3

The impact of MNP size on exciton-plasmon coupling in MNP arrays

We now investigate how the size of the nanoantennas in the arrays impact the
exciton-plasmon coupling. To begin, we fabricated Au nanoantennas using the same
methods as the previous section, all with nominal thickness of 40 nm. We use three
types of samples which we label as Type A, Type B, and Type C. Type A has l ×
w dimensions of 892 nm × 198 nm, with lattice constants of 1.0 µm and 0.5 µm for
ax and ay , respectively. Type B has dimensions of 393 nm × 133 nm with ax and
ay of 0.5 µm and 0.7 µm, respectively. Finally, Type C has dimensions of 244 nm
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Figure 7.7: The SEM images of the three types of nanoantenna arrays. Type A
nanoantennas are shown in (a), Type B in (b), and Type C in (c). A scale bar is
shown at the bottom of each image.

× 137 nm with ax and ay of 0.5 µm for both lattice constants. The SEM images of
these three samples is shown in Figure 7.7. We added 15 nm of am:Si to embed the
nanoantennas, and in some cases we added 1 nm of Al oxide to form the am:Si/Al
oxide interface. To form the QD-MNP systems, the same type and dilution of QDs as
used in Section 7.2 were spincoated onto the embedded nanoantennas. Furthermore,
the QDs were also tested with the same experimental configurations as in Section 7.2;
namely excitation by a 514 nm laser and QD emission collected via a spectrometer
setup with an analyzer.
These three types of samples gave us varying extinction and polarization responses, which altered the exciton-plasmon coupling as we will see shortly. The
extinction for x-pol and y-pol of these samples at normal incidence is shown in Figure 7.8. We observe that for Type A (Figure 7.8a), the y-pol extinction features a
sharp peak at approximately 750 nm and a shoulder at 580 nm. The peak at 580 nm
is due to the multipolar LSPRs of the nanoantennas, while the sharp peak is due to
the formation of the PLM as discussed in Chapter 6. The PLMs of these arrays do
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not impact the exciton-plasmon coupling, since the QD emission wavelength is around
650 nm and sufficiently far from the PLM resonance. For x-pol, the extinction has
decreased and can be attributed to the multipolar LSPRs excited along the longitudinal axes of the nanoantennas. For Type B extinction (Figure 7.8b), we note for
y-pol there is a shoulder at ∼575 nm, as well as another shoulder at ∼750 nm. There
is a peak that forms around 650 nm as well. The extinction for this sample can also
be due to the formation of PLMs in the array, where the spectral character depends
on the detuning between the RA and LSPRs of the nanoantennas [83] as discussed in
Chapter 6. For x-pol, the extinction is relatively flat and featureless. The extinction
for sample C is shown in Figure 7.8c, where we note a very pronounced PLM peak
forming at 750 nm. The familiar shoulder associated with the multipolar LSPRs is
observed at 580 nm. For x-pol, the extinction is again mostly due to the multipolar
LSPRs along the nanoantenna longitudinal axes.
To understand how the size of the nanoantennas in the arrays affects QD
emission, we observed the QD emission on areas where nanoantennas were present,
and on areas where there were no nanoantennas nearby. The results of the emission
spectra are the average of four regions of nanoantenna arrays. In Type A nanoantenna
arrays, the samples with the am:Si layer exhibited enhanced QD emission when the
nanoantennas were present underneath the QDs. The enhancement factor due to the
nanoantennas (emission at λP eak when nanoantennas present divided by emission at
λP eak when nanoantennas are absent) was 4.5 times. This is shown in Figure 7.9a. For
the case where am:Si and Al oxide were deposited on top of these nanoantennas, we
observed an increased enhancement factor of 19.3 times (Figure 7.9b). Nanoantenna
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Figure 7.8: The extinction spectra of Type A (a), Type B (b), and Type C (c)
nanoantenna arrays after depositing 15 nm of am:Si and 1 nm of Al oxide. Both
x-pol (line 1) and y-pol (line 2) incident polarizations are shown.

arrays of Type B with an am:Si layer displayed an enhancement factor of 1.8 when
the nanoantennas were present. In replacing the am:Si layer with the am:Si/Al oxide
interface layer, we observed an enhancement factor of 3.4 times. Finally, we observed
that Type C nanoantenna arrays with an am:Si layer exhibited increased QD emission
when nanoantennas were present with an enhancement factor of about 1.7. In the
am:Si/Al oxide interface layer case, we saw that the QD emission was enhanced by a
factor of 2.9 when the nanoantenna arrays were present.
The polarization dependency of all the samples was studied in order to determine the strength of exciton-dipole coupling in the systems (Figure 7.10). In most
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Figure 7.9: The QD emission from samples that contain Type A nanoantenna arrays.
In (a), we show the QD emission when a 15 nm layer of am:Si is present. In (b), the
QD emission is shown in the presence of the 15 nm am:Si/1 nm Al oxide interface.
The emission is shown for when the QDs are far away from (line 1) and very near to
(line 2) the nanoantennas.

cases, we saw that the peak emission occurred at an analyzer angle of 90◦ , which
corresponded to QD emission along the transverse (y-pol) axis of the nanoantennas.
However, some of the samples had peak emission at other angles near 90◦ , such as
100◦ or 110◦ . This is because the sample may have been parallel tilted slightly with
respect to the analyzer plane, or because the SEM processing occurred at a slight
deviation angle from the sides of the sample. In Figure 7.10a, we observed that for
Type A nanoantenna arrays, the degree of polarization in QD emission increased from
23% to 41% when Al oxide was added on top of the am:Si layer. Type B nanoantenna
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Figure 7.10: The QD emission of the three types of nanoantenna arrays at λP eak as
a function of analyzer angle. In (a), we show Type A polarization selectivity, whereas
(b) and (c) correspond to Type B and C polarization selectivity, respectively. The
dashed lines correspond to samples with 15 nm am:Si, while the solid lines correspond
to samples with 15 nm am:Si/1 nm Al oxide.

arrays did not demonstrate any change in the degree of polarization with the introduction of am:Si/Al oxide, although there did exist some polarization dependency in
both cases (Figure 7.10b). In Type C nanoantennas, we see a very weak polarization dependency in samples with just am:Si, whereas the am:Si/Al oxide appeared to
induce no polarization dependency at all (Figure 7.10c).
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7.3.1

The influence of nanoantenna array plasmonic character on excitonplasmon coupling
These results show that the QD emission enhancement caused by exciton-

plasmon coupling can be controlled by adjusting the aspect ratio of the nanoantennas that make up the array. This is true regardless whether the sample has an am:Si
layer or an am:Si/Al oxide interface layer [10, 11, 166]. The physical reason for this is
because the amplitude and spectra of the plasmonic peaks are changed for different
aspect ratios (Figure 7.8). Since these systems are excited off-resonantly, enhancement of emission is not from the enhancement of the excitation source. Furthermore,
there is negligible difference in x-pol and y-pol extinction at this wavelength, meaning that the results we obtained are not impacted by the polarization of the laser.
The amount of extinction at λP eak is related to the strength of the exciton-plasmon
coupling; more extinction means stronger plasmonic effects. We see that the relative y-pol extinction of Type A, B, and C nanoantennas at λP eak is 0.375, 0.199,
and 0.120, respectively. This suggests that Type A nanoantennas should have the
most QD emission enhancement from exciton-plasmon coupling [70], and that Type
C nanoantennas should exhibit the least. This is supported by the enhancement factors we found, for both am:Si and am:Si/Al oxide layers. Also note that the difference
in extinction between y-pol and x-pol incident light polarization predicts the amount
of polarization dependence in the QD emission. If ∆α is the difference in y-pol and
x-pol extinction (αY − αX ) at λP eak , then we see that Type A nanoantennas have ∆α
of 0.25 compared to Type B nanoantennas, where the ∆α is 0.15. For Type C nanoan-
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tennas, the ∆α is 0.07. Not surprisingly, we see the most polarization-dependent QD
emission in Type A nanoantennas. The main feature here, however, is the fact that
the presence of Al oxide enhances this process significantly (Figure 7.10a).
In congruence with Section 7.2, the impact of Al oxide is again apparent in
these results as a strengthening of exciton-plasmon coupling. When comparing the
QD emission of am:Si to am:Si/Al oxide cases in Figure 7.10a, we see that the degree
of polarization is much greater when Al oxide is present than when it is not (by nearly
two times). Since the difference in the nanoantenna extinction spectra between am:Si
and am:Si/Al oxide is very small, this result gives a foundation to the argument that
Al oxide, through its passivating and electrical properties, disfranchises the am:Si
defects and thereby strengthens the exciton-plasmon coupling via elongation of the
QDs’ radiative lifetimes. In Figure 7.10(b and c), we see that the addition of Al oxide
does not affect the polarization dependency of Type B and C nanoantennas as much
as for Type A nanoantennas. This could mean that the exciton-plasmon coupling was
not very strong in the first place, and that the am:Si/Al oxide interface between the
weakly coupled QD-MNP systems will not greatly increase the strength of coupling
between them.
As highlighted in Figure 7.11, even when θ = 0, i.e., the QD polarization
is along x-pol, the emission can undergo a significant amount of enhancement, depending on the aspect ratios of the nanoantennas (Figure 7.11(a - c)). The emission
enhancement factors, defined as the ratio of QD emission on am:Si/Al oxide to that
on nanoantennas/am:Si/Al oxide, are shown in Figure 7.11(a0 - c0 ) for these nanoantennas. For the largest aspect ratio (∼4.4) corresponding to Type A, we observe emis158

sion enhancement of about 12 (Figure 7.11a0 ). This value increases at θ = 90 when
exciton-plasmon coupling associated with transverse (y-pol) modes of the nanoantennas maximizes. The enhancement at θ = 0 reduces to ∼2.7 and 2.5 as the aspect
ratio decreases to ∼3 and ∼2 (Type B and C, respectively), as can be seen in Figure 7.11(b0 and c0 ). The significant enhancement in the case of the Type A structure
(aspect ratio ∼4.4), could be due to excitation of the longitudinal multipolar modes
of the structure as it represents a metallic nanoantenna array that can support a
plasmonic lattice.

7.3.2

Impact of Al oxide charge barrier and nanoantenna size on excitonplasmon coupling
To explore the impact of Al oxide further, we carried out QD lifetime mea-

surements using the TCSPC system. Figure 7.12a shows the lifetime decay of the
QDs in the absence of the nanoantennas. The results show that the Al oxide layer
can reduce the lifetime of the QDs. This is clearly highlighted via the bi-exponential
fits to these decays (solid lines). The slow lifetime and standard error for the am:Si
case here is 19.389 ± 1.636 ns, whereas the fast lifetime is 4.194 ± 0.719 ns. For the
am:Si/Al oxide interface, the slow lifetime is 26.327 ± 0.474 ns, and the fast lifetime
is 3.641 ± 0.030 ns. These results suggest that for the type of QDs studied in this
dissertation, Al oxide actually suppresses the emission of such QDs. This is consistent
with previous investigations that showed the impact of Al oxide is very dependent
on the type of the substrate and the QDs, as well as the previous chapters of this
dissertation. For types of QDs that exhibit active photo-chemical and photo-physical
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Figure 7.11: In (a-c), the normalized emission intensity of QDs (at λP eak ) on the
am:Si/Al oxide layer when Au nanoantennas are absent (dashed lines) and present
(solid lines) is shown for Type A, B, and C arrays, respectively, as a function of the
analyzer angle. In (a0 -c0 ), the enhancement factors are displayed as a function of the
analyzer angle for Type A, B, and C arrays, respectively.

properties, Al oxide can lead to a significant amount of enhancement of emission efficiency of the QDs. The reason behind the results seen in Figure 7.12a is that the type
of QDs used in this dissertation did not show any significant active photo-chemical
or physical processes. This can partially be related to the fact that these QDs had a
ZnS shell.
In Figure 7.12b, we compare the lifetime decay of QD emission on am:Si/Al
oxide in the absence and presence of the nanoantennas shown in Figure 7.7a. The
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Figure 7.12: The lifetime decay of QDs on am:Si and am:Si/Al oxide interfaces
(a) and on am:Si/Al oxide in the absence of presence of nanoantennas (b). Note in
(b), the emission of the QDs on am:Si/Al oxide in the absence of nanoantennas is
multiplied by 13. The solid lines are the bi-exponential curve fits.

results show that the presence of nanoantennas increases the lifetime of the QDs,
leading to very large enhancement of their emission (Figure 7.9b). Here, the slow
lifetime becomes 14.446 ± 0.268 ns and the fast lifetime becomes 3.828 ± 0.127
ns. This is a rather interesting result, since in the presence of the nanoantennas,
one expects the FRET from QDs to the nanoantennas to reduce the lifetime of the
QDs. Even for the optimized thickness of the am:Si layer (15 nm), which allowed the
favorable impact of plasmon field enhancement to overcome the suppression caused
by FRET, we expected some degree of reduction in lifetime. Instead, in Figure 7.12b,

161

we see an enhancement of QD emission along with a longer QD lifetime even in the
presence of FRET. This suggests that for the type of QDs used in this chapter, the
combined effects of am:Si and Al oxide layers and the Au nanoantennas are responsible
for significant improvement of the radiative efficiency of the QDs via suppression of
their nonradiative decay channels. Since in our systems plasmons were excited by
the QD emission, this in turn enhances the exciton-plasmon coupling efficiency. In
the next section, we will explain the enhancement of exciton-plasmon coupling and
elongation of lifetime seen in this section by a structure called the PMDJ.

7.4

Enhancement of exciton-plasmon coupling in MNP/am:Si/Al oxide
structures due to plasmonic metal oxide double junctions

The results of the previous sections and the enhancement of exciton-plasmon
coupling in MNP/am:Si/Al oxide systems can be described in terms of the PMDJ
structure. A schematic of the PMDJ is shown in Figure 7.13a, where the excitonplasmon coupling is shown between the MNP plasmons and the excited QDs with
an intervening am:Si/Al oxide interface. In these systems, the QDs are excited offresonantly by a laser at 514 nm (green vertical arrow), followed by fast energy relaxation of the QD to the exciton energy. At this point, the excitons can excite the
plasmons in the MNPs, which is the cause for the resonant exciton-plasmon coupling in the system. The PMDJ structure can be used to explain the results of, e.g.,
Figure 7.11, where the LSPR of the nanoantennas determined the enhancement of
emission (in other words, the exciton-plasmon coupling). The strength of the excitonplasmon coupling depends on how well the LSPRs of the nanoantenna arrays align
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Figure 7.13: In (a), the schematic illustration of the QD-induced exciton-plasmon
coupling is shown. Here, QDs are excited using an off-resonant laser (vertical upward
green arrow). After energy relaxation the photo-excited electrons and holes form near
band-edge excitons. Such excitons then excite plasmons in the Au MNPs, setting up
a resonant exciton-plasmon coupling (thick curved red arrows). In (b), a schematic of
the energy band diagram of the PMDJ consisting of a metal-semiconductor junction
and Al oxide charge barrier. Here the vertical red arrows represent formation of hot
electorn/hole pairs after decay of plasmons. The horizontal arrow refers to the hot
electron transfer to the am:Si layer.

with the QD exciton energy (Figure 7.13a). This can clearly be seen in Figure 7.11,
as the strength of the exciton-plasmon coupling varies with both the analyzer angle
(change of LSPR mode) and change of nanoantenna size (shift or weakening of LSPR
mode).
The energy band diagram of the PMDJ structure is presented in Figure 7.13b,
and illustrates its three key features. The first feature is that at MNP/am:Si junctions,
hot electrons formed via ultrafast decay of plasmons can transfer to the am:Si layer
[167–170]. This can electrically charge the am:Si layer. The second feature of the
PMDJ is that the am:Si/Al oxide barrier junction can support large negative surface
charges [128, 129]. Such a charge barrier can lead to field passivation of QDs by
suppressing transfer of photo-ejected electrons to the defects sites [5], as we have
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seen in this dissertation. The third feature is the fact that LSPRs can be excited
by the dipole fields of the QDs, rather than by direct interaction with a laser field
(i.e., off-resonant excitation as shown in Figure 7.13a). Such QD-induced plasmons
can generate a strong field back in the QDs, setting up exciton-plasmon coupling.
These three intertwining features promote efficient exciton-plasmon coupling beyond
simple plasmonic channels, and result in high emission intensity and elongated decay
lifetimes of the QDs.
To explain the PMDJ physics in more detail, we measure the decay lifetimes
of the systems seen in Figure 7.12 in order to quantify the impact of the PMDJ on
the exciton-plasmon dynamics. We begin by observing the emission of the nanoantennas/am:Si/QD structure, which does not have the Al oxide layer. The emission
decay shows the characteristic features of “normal” plasmonic effects, i.e., QDs on
nanoantennas/am:Si decay faster than those in the absence of the nanoantennas, as
extensively reported in the past [171–173]. Using Equation 3.4, we fit the lifetime
decay of the systems shown in Figure 7.12 to find the τf , τs , and A/B. In the absence
of nanoantennas, i.e., in the am:Si/QD system, τf =4.26 ns and τs =19.30 ns. The
ratio of fast to slow amplitudes (A/B) is also about 1.80, suggesting that the fast process is more dominant. The results of fitting for the case of nanoantennas/am:Si/QD
suggest τf =3.84 ns and τs =14.91 ns, indicating about ∼ 10% and ∼ 23% reduction,
respectively. A/B, however, increases slightly reaching ∼2.6. These are consistent
with the previous reports that showed when QDs are in the vicinity of nanoantennas, the relative amplitudes of their fast decay increase while τf becomes shorter via
FRET [173]. Reduction of the τs is due to enhancement of radiative decay rates
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of QDs via plasmonic field enhancement [124, 159, 171], which makes the QDs more
efficient emitters in the presence of nanoantennas.
A surprising feature of the nanoantenna/am:Si/Al oxide system seen in Figure 7.12b is the impact of Al oxide on the dynamics of the QD emission. Here we see
that the lifetime decay of QDs in the PMDJ structure is actually longer than when
the nanoantennas are absent, a result that is contrary to the common understanding.
In the absence of nanoantennas, i.e., in the am:Si/Al oxide system, we found τf =3.64
ns, τs =26.25 ns, and A/B =7.2, indicating the dominance of the fast process. In the
case of nanoantennas/am:Si/Al oxide system (PMDJ), however, τf and τs become
4.04 ns and 14.98 ns, respectively, while A/B becomes 1.6. The decrease in A/B and
reduction of τs suggest significant enhancement of the contribution of the slow process,
which is an indicator of band-edge emission of QDs or exciton radiative decay. The
significant reduction of A/B by about 4.5 also suggests that introduction of nanoantennas reduces the number trap and defect sites available to QDs. Furthermore, the
increase of τf by about 10% suggests that energy transfer does not happen efficiently,
since τf is an indicator of FRET from QDs to nanoantennas. Rather, the FRET can
be suppressed, despite the fact that QDs are very close to the nanoantennas.
To explore the uniqueness of the am:Si/Al oxide charge barrier, we replaced
am:Si with SiO2 while keeping the nanoantennas arrays very similar to those used
for the previous experiments, forming a nanoantenna/SiO2 /Al oxide structure. The
thickness of the SiO2 layer was also 15 nm, the same as that of the am:Si layer. In the
inset of Figure 7.14, the results indicate that the amount of emission enhancement
becomes very modest (2.1 times), similar to the case when am:Si embeds the nanoan165
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Figure 7.14: The lifetime decay of QDs on SiO2 /Al oxide (line 1) and
nanoantennas/SiO2 /Al oxide (line 2). The inset shows emission spectra of QDs on
SiO2 /Al oxide (dashed line) and nanoantennas/SiO2 /Al oxide (solid line). Here we
label nanoantennas as “m-ANT”.

tennas. This happens as the dynamics of the QD emission also becomes “normal”,
i.e., QDs decay faster near nanoantennas arrays than in their absence. Fitting the
decay lifetime shown in Figure 7.14 indicates that in the absence of nanoantennas
(line 1), τf =2.66 , τs =11.1, and A/B =2.24. In the presence of nanoantennas (line
2) we obtained τf =2.36, τs =9.52, and A/B ∼3. These results show a similar trend
as those seen in the case of nanoantennas/am:Si (no Al oxide). This shows that the
junction of am:Si/Al oxide or the Al oxide charge barrier plays a major role in the
anomalous dynamics of the PMDJ emission and decay lifetime.
The mechanisms behind the PMDJ demonstrated in this chapter can be explained based on (i) exciton-plasmon coupling, (ii) strong field-effect passivation of
trap sites in QDs via Al oxide charge barrier and charging of the am:Si layer by
hot electrons, and (iii) suppression of FRET from QDs to nanoantennas. To see
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these, note that to obtain the results in this dissertation we used a continuous wave
laser beam that could not excite plasmons, but rather mostly the QDs (Figure 7.13a,
green arrow). Following fast relaxation, formation of near band edge excitons excites
LSPRs (Figure 7.13a). Under these conditions, the QD-induced exciton-plasmon
coupling can happen. Such a coupling can support transfer of energy from QDs to
nanoantennas and vice versa.
A key feature of metal/semiconductor junctions is that they can also support transfer of hot electrons from the metal to the semiconductor. Considering the
exciton-plasmon coupling in the PMDJ, this suggests that hot electron transfer can
occur between the nanoantennas and the am:Si layer, as depicted in Figure 7.13b.
Considering the fact that QD-induced exciton-plasmon coupling occurs most efficiently when the QD dipoles are aligned along the axes of the nanoantennas and
in our structures the am:Si layer covered all around the nanoantennas except the
substrate side, we expect an efficient transfer of hot electrons from the nanoantennas to the am:Si layer. Since this layer is isolated from the QDs by the am:Si/Al
oxide charge barrier (Figure 7.13b), we expect that this process electrically charges
the am:Si layer. This results in an electrostatic field which can suppress the effects
of trap sites on the QDs, reducing the fast nonradiative process. A good indicator
of such a field passivation was observed in the decay lifetime of QDs in the PMDJ.
These results indicated that when nanoantennas are introduced to am:Si/Al oxide,
A/B reduces from ∼7.2 to ∼1.6, indicating a significant suppression of the number
of traps sites that can potentially influence the QDs.
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The field passivation caused by the combined effects of hot electron transfer and the Al oxide charge barrier junction allows excitons in QDs to live longer,
prolonging their lifetimes. Another impact of this process is the enhancement of efficiency of exciton-plasmon coupling. In the presence of such a coupling, we expect the
energy to be shared between QDs and nanoantennas. This is in contrast to FRET,
which is a one-way process and converts the energy of QDs into joule dissipation in
the nanoantennas. In fact after their formation, excitons can either end up with heat
dissipation in the nanoantennas via FRET or establish exciton-plasmon coupling. In
our experiments plasmons were mainly excited via excitons and the strong field passivation allows such excitons to live longer. These processes and the large emission
enhancement of QDs suggest that the exciton-plasmon coupling can be strong enough
to suppress the FRET process. Therefore, the energy is shared by QDs and nanoantennas while it is routed toward the radiative decay channel of the QDs. We expect
by variation of the sizes and shapes of the nanoantennas these processes are changed
significantly [174], as seen in the previous section. Particularly when the aspect ratio
of the nanoantennas increases a light degree of polarization effects in the emission of
the QDs occurs.

7.5

Conclusion

In this chapter, a new method to enhance exciton-plasmon coupling is introduced that occurs because of the synergistic dynamics of the MNP, am:Si, Al
oxide, and QD system. The enhanced exciton-plasmon coupling leads to a large emission enhancement with a simultaneous lifetime elongation. By altering the LSPR of
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nanoantennas through their size or their excitation polarization, the strength of the
exciton-plasmon coupling can be altered, thus exhibiting a slight polarized emission
from QDs. The aspect ratio of the nanoantennas was shown to play a key role in
this phenomena, with larger nanoantennas exhibiting increased emission enhancement
factors.
To explain the enhanced exciton-plasmon coupling and the dependency on
the LSPR, we developed an electro-plasmonic structure (or PMDJ) schema which
consists of the arrays of Au nanoantennas embedded in am:Si and coated with an
ultrathin layer of Al oxide. The PMDJ is understood through the MNP/am:Si and
am:Si/Al oxide junctions, by which each junction plays a significant role in strengthening exciton-plasmon coupling between resonant exciton and LSPRs. The counterintuitive combination of enhanced emission efficiency and lifetime elongation underline the unique correlated impacts of hot electron transfer from nanoantennas to
the am:Si layer, exciton-plasmon coupling, and suppression of FRET from QDs to
the nanoantennas. The hot electron transfer process combined with am:Si/Al oxide
charge barrier generate a strong field-effect passivation, insulating the excitons from
surface defects and trap sites.
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CHAPTER 8

CONCLUSION

The impact of the local environment on QD optical properties such as emission
intensity, decay, and blinking is crucial to understand when designing new or improved
nanophotonic applications. In this dissertation, the fundamental interaction between
QDs and may common materials used in microelectronics and nanophotonics such
as SiO2 , am:Si, and Al oxide have been studied. One of the key results from this
study was how defect sites in various material layers near the QDs can alter the
photoluminescence dynamics. It was shown that am:Si has many more defect sites
compared to SiO2 , and that the number of defect sites available to QDs in am:Si
increases with increasing thicknesses studied here. Another result from this work was
how Al oxide can passivate the defect sites in am:Si, which was tied to the surface
charges at the am:Si/Al oxide interface and the negative fixed charge of Al oxide.
The addition of nearby Au to the QDs was shown to influence the photoluminescence
in the usual way; with an amount of emission enhancement or decay rate that is
highly dependent on the separation distance. This separation distance determined
the amount of nonradiative energy transfer to the Au or the enhancement of emission
due to the Au’s plasmonic field.
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Another important aspect of QD study is the concentration or density of the
QDs used in a given application. This is important because their influence on each
other, such as through the mechanism of FRET, can limit their use in certain situations. By decreasing the concentration of QDs in a polymer/toluene solution, it was
found that the photoluminescence dynamics are very dependent on the underlying
material layers. Again, a drastic difference was found between am:Si and SiO2 in
terms of how they impacted the lifetime decay of the QDs. One key result of this
study was that Au can lead to an enhanced radiative decay rate in the QDs, which
can lead to blinking at high concentrations. By employing a statistical analysis, it
was found that the distribution of variation in QD intensities is different considering
the two studied thicknesses of am:Si, with thicker am:Si resulting in less variation in
intensity.
MNPs can exhibit very useful optical properties, especially when fabricated
into arrays that support PLMs. In this dissertation we have studied the PLMs of
nanoantenna arrays in asymmetric structures comprising a silica substrate and an air
or am:Si superstrate. PLMs were induced in nanoantenna arrays exposed to air, where
the PLMs corresponding to the RA modes were traced. It was shown that in these
arrays, there can be a large difference in the extinction of the arrays at orthogonal
incident light polarizations, which can allow the arrays to selectively transmit light
of certain wavelengths while efficiently scattering at other wavelengths. In the theme
of using am:Si in our studied, it was shown that a thin am:Si layer on top of the
nanoantenna arrays serves to increase the optical coupling between diffracted light
and the LSPRs, yielding distinct PLMs. One key result from this study was the very
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large range (∼200 - ∼2000 nm) of lengths of the nanoantennas used to induce the
PLMs, which has not been reported before with or without the addition of am:Si.
The major advance of this dissertation is the mechanism by which to greatly
enhance exciton-plasmon coupling in QD-MNP devices through the PMDJ structure. Through the simultaneous impact of the am:Si/Al oxide interface that embeds
nanoantenna arrays, it was shown that emission enhancement in these devices can
reach ∼20 times when compared to structures without the nanoantennas. The increased exciton-plasmon coupling was further evidenced by an induced polarization
of emission of QDs near the nanoantenna arrays. In the PMDJ structure, the lifetime
decay of the QD can actually be increased, in contrast to the general consensus that
FRET from QD to MNPs results in shorter lifetimes. The results of this dissertation,
and especially the demonstrated PMDJ structure, can be applied to QD-based devices and applications where it is desired to increase emission efficiency of the QDs,
control the emission polarization, or modify the photoluminescence dynamics using
common optical materials.
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APPENDIX A

SAMPLE FABRICATION PARAMETERS

A.1

Electron beam lithography

In this section of the appendix we describe the process used to fabricate the
MNPs using EBL. To perform EBL and fabricate MNP arrays, the first step taken
was to rinse the silica substrates with water, acetone, and IPA in that order. Then,
2 nm of chromium (Cr) is deposited onto the substrates to form a conductive layer
for the electron beam. The use of the Cr layer results in higher-quality arrays due
to reduction of charge buildup that might occur otherwise. A photoresist (ZEP520A,
ZEON Corporation) is subsequently spincoated onto the substrates. The ZEP520A
is a positive photoresist; when the electron beam exposes this resist, the exposed area
is removed when placed into an etching solution. Approximately 1 mL of ZEP520A is
spincoated onto the substrates with a spread cycle of 500 RPM at 100 R/S for 5 secs,
followed by a spin cycle of 3000 RPM at 100 R/S for 60 secs. This results in a photoresist layer thickness of approximately 400 nm [175]. After spincoating the ZEP520A,
the substrates are placed onto a hotplate at 90◦ C for 10 mins. The substrate is then
put into the SEM and the writing (exposing) process is initiated. The SEM exposed
the photoresist according to a pattern that was created using Nanometer Pattern
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Generation System (NPGS) software. This software allowed for the dimensions and
lattice spacing of the MNP arrays to be designed. Furthermore, the software allowed
for the dosage (charge per area in µC/cm2 ) to be chosen. Different values of dosage
are used in the fabrication of MNP arrays, which depended on the desired size of the
MNPs. The SEM used an accelerating voltage of 20 kV with either a 10 µm or 30 µm
aperture to expose the photoresist. The choice of aperture size again depended on
the size of MNPs desired. After writing, the pattern is developed for 2 minutes using
ZED-N50 (ZEON Chemicals L.P.) as the etching solution. The patterned substrate
is then rinsed in distilled water, and annealed at 120◦ C for 10 mins. The sample is
then ready for thermal evaporation of Au.
To deposit the Au layer, a thermal evaporator is used. The substrates are
placed in the evaporator and the chamber is pumped down to a pressure of 5.0 ×
10−6 Torr. The evaporation of Au is initiated by ramping up the current that flows
through a crucible that holds pure Au pellets. In doing so, Au was melted and slowly
evaporated upwards, forming uniform layers on the substrate and filling in the exposed
voids that were removed during the etching step. The deposition rate of the Au was
0.1 Å/sec, which allowed for good uniformity in the Au layer. After completion, the
substrates with the Au layer were placed in the photoresist remover ZDMAC (ZEON
Chemicals L.P.) for 18 to 24 hours.
After soaking in the ZDMAC, the vials containing substrates and ZDMAC
solution were softly shaken to remove the photoresist (and thus the Au layer as well)
in all areas, except for where the photoresist had been removed by the ZED-N50.
This leaves a sample with nanopatterned Au on a thin Cr oxide layer. To remove the
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Material DC or RF Power
SiO2
200 W (RF)
Am:Si
200 W (RF)
TiO2
200 W
Al oxide
200 W
Cr
200 W
Au
200 W
Ag
200 W
Cu
200 W

Pre-sputter time
60 s
60 s
30 s
30 s
30 s
30 s
30 s
30 s

Deposition rate
0.063 nm/s
0.148 nm/s
0.070 nm/s
0.186 nm/s
0.256 nm/s
0.640 nm/s
0.767 nm/s
0.384 nm/s

Table A.1: The sputter parameters for the materials used in this dissertation.

Cr oxide layer, the substrate is dipped into a Cr etcher for 20 secs, and then rinsed
with distilled water. The final step to complete the sample is to anneal the substrates
at 530◦ C for 5 mins.

A.2

Deposition parameters for the sputter tool

To sputter dielectric and metal material, a Denton Discovery 18 Sputterer was
used. In Table A.1, the material type along with the sputter parameters used to
fabricate thin layers of the material is displayed.

A.3

Use of the thermal evaporation tool

To evaporate Au, a CVC thermal evaporator was used. To begin the process,
Au pellets with a purity of 99.9% were loaded into the evaporator chamber. On
the control system, the Au material properties were set. These were the acoustic
impedance and material density, which were set to 23.18 × 105 gm/(cm2 sec) and
19.30 gm/cm3 , respectively. After loading the Au, the substrates are loaded into
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the evaporator and the chamber is pumped down to 5.0 × 10−6 Torr. Next, the
current through the crucible which holds the Au is slowly ramped up such that the
evaporation rate of the Au is controlled to be between 0.1 Å/sec and 0.2 Å/sec.
This evaporation rate ensured a uniform Au layer. After the desired thickness was
evaporated, the chamber was brought to atmospheric pressure and the samples were
removed.
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